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A iS im C T
Q ua& titativs trea tm en ts fo r  sev era l types of e lec tro d e  processes 
in  voltammotry a t  constan t c u rre n t are  d iscussed , and experim ental 
methods fo r  the  study o f  these  processes are described* A pplica tion  
is  made to  the  study o f the  e f f e c t  o f ion ic  in te ra c tio n  and tempera­
tu re  in  e lectrochem ical k in e tics*
The follow ing processes were tre a te d  In th is  d is se r ta tio n *
(1) anodic ox idation  of a m etal w ith  form ation of a sparin g ly  so lub le  
substance or a  complex ion j (2) processes w ith  p re fe re n t ia l  adso rp tion  
of th e  main product o f e le c t ro ly s is j  (3) c a ta ly t ic  p rocesses in  which 
the  e le c tro ly se d  substance is  regenerated  by a f i r s t  order chemical 
reaction*  The v a l id i ty  o f th e  th e o re tic a l  conclusions fo r  the above 
th ree  eases was confirmed experim entally* A dditional experim en tal 
confirm ation  was obtained fo r  the treatm ents o f re v e rs ib le  and i r r e ­
v e rs ib le  processes prev iously  developed in  th is  laboratory*
A pplica tion  to  the  study of ion ic  in te ra c tio n  in  e lectrochem ical 
k in e tic s  has led to  the  fundamental observation  th a t  in d if fe re n t  ions 
are involved in  e le c tro n  t r a n s fe r  processes* Furtherm ore, the ra te  
constan t fo r  the e le c tro n  tr a n s fe r  process is  a l in e a r  fu n c tio n  o f 
the concen tra tion  of in d if fe re n t e le c tro ly te *
The influence o f tem perature on the ra te  o f  an e lec tro d e  process 
i s  f a r  more complex than  the e f f e c t  one would expect on the b a s is  o f a  
v a r ia t io n  o f th e  fre e  energy of a c tiv a tio n  w ith tem perature# P ossib le  
com plications are  discussed and experim ental r e s u l ts  are presented*
ix
CHAPTER I
INTRODUCTION AND REVIEW OF LITERATURE
Voltaam etry a t  constan t c u rre n t, although one o f  the  o ld e s t 
e lec trochem ical methods, has seldom been applied* The method waft 
o r ig in a lly  app lied  to  the  v e r i f ic a t io n  o f F iok’s d if fu s io n  laws but 
th e  p o te n t ia l i t i e s  of e le o tro ly s is  a t  constan t c u rre n t in  e le c t ro ­
chem ical k in e tic s  and a n a ly tic a l  chem istry were only recen tly  recog­
nised* We must be indebted to  G ie rs t and U uliard (16) (1?) f o r  having 
revived the  method*
The e s s e n t ia l  fe a tu re s  o f voltammetry a t  constan t cu rre n t may be 
summarised as fo llo w s»
(1) The c u rre n t passing  through the  c e l l  is  co n stan t, reg a rd less  
o f  the  s ta te  o f p o la r is a tio n  of the  e lec trodes*
(2) The apparatus is  such th a t  mass tr a n s fe r  occurs only by 
d if fu s io n  -  in  g en era l, s e m i- in f in ite  l in e a r  d iffu sio n *
(3) The p o te n t ia l  o f one of the  e lec tro d es  (the  working e le c tro d e ) 
is  measured a g a in s t a reference  e lectrode*
The concen tra tions o f th e  e le c tro ly se d  substance and of i t s  main 
e le c t ro ly s is  product vary during e le c t r o ly s i s ,  and consequently the 
p o te n tia l  o f th e  working e lec tro d e  v aries*  The re s u ltin g  p o te n t ia l -  
time curve obtained under the above conditions is  shown in  Figure 1* 
Four c h a ra c te r is t ic  segments o f the curve can be d istingu ished*
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F igure  1. Schem atic diagram  of p o te n tia l- t im e  curves 
o b ta in ed  in  voltam m etry a t  c o n s ta n t c u r re n t  d en sity *
3(1 ) At th e  beginning of e le c tro ly s is *  the  p o te n tia l  v a rie s  rap id ly  
u n t i l  th e  working e le c tro d e  reaches a p o te n tia l  a t  which th e
e le e  troohem ical re a c tio n  occurs* The slope in  the  i n i t i a l  
segment (AB) is  re la te d  to  the  q u a n tity  of e l e c t r i c i t y  used 
in  charging or d ischarg ing  the  e l e c t r i c a l  double la y e r  a t  the  
e lec tro d e  surface* At s u f f ic ie n t ly  low cu rre n t d e n s it ie s  the  
e f f e c t  o f the  c ap ac ity  o f the  double lay e r  may be neg lec ted , 
and segment AB is  v i r tu a l ly  p a ra l le l  to  the  o rd in a te  axis*
(2) In  segment BO th e  e lectrochem ical re a c tio n  occurs a t  a ra te  
p resc rib ed  by th e  c u rre n t density*  and consequently the eon** 
c e n tra tio n  of the e le c tro ly se d  substance a t  the e lec tro d e  
su rface  decreases*
(3) When the  concen tra tion  of e le c tro ly se d  substance becomes 
v i r tu a l ly  equal to  sere* the p o te n tia l  v a rie s  rap id ly  toward 
more eathodio (o r  anodic) values* The segment CD is  p r a e t i -  
c&lly p a r a l le l  to  the  ord inate  ax is when th e  e f f e c t  o f the 
charging of the double lay e r can be neglected* i«e*# when 
the  c u rre n t d en sity  i s  r e la t iv e ly  low*
(4) A new electrochem ical process such as the reduc tion  o f the 
supporting  e le c tro ly te  occurs along segment DE, and the  
e lec tro d e  p o te n tia l  i s  more or le s s  s ta b i l is e d  u n t i l  the 
concen tra tion  of th e  new substance being e le c tro ly se d  becomes 
equal to  zero#
The time requ ired  to  com pletely d ep le te  th e  e le c tro ly sed  substance 
is  termed th e  " t r a n s i t io n  time** I f  segments AB and CD are  almost v e r­
t ic a l*  the t r a n s i t io n  time can be re a d ily  measured is  Figure 1*
The e a r l i e s t  th e o re tic a l  treatm ent re la te d  to  concen tra tion  changes 
in  e le c t ro ly s is  a t  constan t c u rren t was reported  by Weber (30) in  1879* 
Weber obtained an expression  fo r  concen tra tion  as a function  o f time and 
d is tance  from the  e leo tro d e  su rfa c e . The treatm ent of Weber i s  somewhat 
cumbersome to  apply because the concen tra tion  of e le c tro ly se d  substance 
i s  expressed under the  form of an in f in i te  se rie s*  A more e legan t 
approach was followed by Sand who derived the value of the  t r a n s i t io n  
time* His reasoning is  as follows* Sand assumed th a t  mass t r a n s fe r
4i s  d if fu s io n  con tro lled*  and applied  Fiek*s second \ m  o f d if fu s io n
as w r i t te n  ea the  assum ption th a t  th e  d if fu s io n  c o e f f ic ie n t  B is  inde- 
pendent o f th e  co n cen tra tio n  of e le c tro ly se d  substance* In equation  
(1*1) x  and t  re p re se n t the  d is tan ce  from the  e lec tro d e  and the  t i n t  
e lapsed  s in c e  the beginning o f e le c tro ly s is *
Since the  e le c tro ly s is  c u rre n t i s  constant* th e  f lu x  o f e le c tro ly se d  
substance a t  the  e le c tro d e  su rface  i s  constant*  Hence
o (1*8)
. t o r *  i c iM t t o  e u rre n t t o n . i t y ,  .  t t o  nu-ber o f . l w t r . 0 .  inTolw d 
in  th e  e lectrochem ical reaction*  and F th e  faradey* Squation (1*2) 
is  th e  boundary co n d itio n  fo r  the p resen t problem* Furthermore* one 
has C(x*0) s  C° and G (x*t)—>C° fo r  x ^ od § where 0° i s  the i n i t i a l  
concen tra tion  o f e le c tro ly se d  substance* The so lu tio n  * as w r i t te n  
f a r  i  : 0  •  H
K
T T ^ n f O o
At th e  t r a n s i t io n  t in e  Z~ the  concen tra tion  C (0 ,t)  is  equal to  se re
end one d eriv es from (1*5)
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A  £(A (1-4)
I t  i s  seen from equation  (MO th a t  tha  square roo t of th e  t r a n s i ­
t io n  time i s  p ro p o rtio n a l to  the  bu lk  concen tra tion  o f e le c tro ly se d  
substance and in v erse ly  p ro p o rtio n a l to  the c u rre n t d en sity  i 0 * The 
t r a n s i t io n  t in e  i s  d i r e c t ly  p ro p o rtio n a l to  th e  d if fu s io n  c o e f f ic ie n t  
o f th e  e le c tro ly se d  substance# This l a s t  re la tio n sh ip  eras used by 
Sand* C o t tr e l l  (9 ) ,  and von Stack®Iberg and coworkers (29) in  the  de­
te rm ina tion  of d if fu s io n  c o e f f ic ie n ts  o f va rious inorganic ions#
The value of the  e le c tro d e  p o te n t ia l  during  e le c tro ly s is  was 
derived  by Karaoglanoff (21) fo r  Hie case o f re v e rs ib le  p rocesses, 
fo r  processes fo r  which th e  E ernst equation  can be applied# The poten­
t i a l  i s  c a lcu la ted  by in troducing  the concen tra tion  <?Q(0#t) given by
equation  (1 -5 ) and the  concen tra tion  o f the  product o f e le c tro ly s is
■:'! ■
in th e  Bernat equation# The l a t t e r  concen tra tion  is  derived  by so lving 
Pick’s equation  fo r  proper boundary and i n i t i a l  conditions# I f  fi Sym­
b o lise s  the produet o f e le c t r o ly s i s ,  one has the boundary co n d itio n
which expresses th a t  th e  sum o f the  fluxes of substances 0  and R Is  
•qu .1  to  z .ro  ( . . .  equation  (1 -2 ) ) .  P u rth em o re . one has Oa (* ,0 ) s 0 
i f  substance E i s  not p resen t in  so lu tio n  before e le c tro ly s is *  F ind ly ,
the fu n c tio n  C ^ (x ,t)  is  bounded fo r  large values of x , i#e#» Og(at*b)->0 
fo r  x-^£fe># The value of C ^ (x ,t)  a t  th e  e lec tro d e  su rface  is
By in troducing  CQ(0,t) and G^(Q,t) In  the  Nernat eq u a tio n , Karaoglanoff 
ob tained
I f  substance 0 is  e le c tro ly se d  on a  mercury e le c tro d e , the  p o te n tia l  
E|. i s  equal to  the  po larographic h a lfw av e  p o te n t ia l  (2)*
% re la t in g  th e  f lu x  of the  substance undergoing e lectrochem ical 
re a c tio n  to  the  k in e t ic s  o f the  e lec tro d e  process JJelahay and Bersina 
t re a te d  the  case in  which th e  e lec trochem ical re a c tio n  Is  i r r e v e r s ib le .
where the  C *s are  th e  concen tra tions a t  the  e lec tro d e  su rface  (x •  0 ) ,
and th e  k vs ore the  form al r a te  co n stan ts  fo r  the forward and backward
e lec trochem ical re a c tio n s , resp ec tiv e ly *  The k*s are  ra te  constan ts fo r
*■1an heterogeneous process and are expressed in  u n its  cm* sec* •
tt-n
whera
(1*8)
Shus
(1-9)
?The concen tra tion*  CQ( 0 , t )  and 0 ^ (0 ,t )  derived  by Kar&oglanoff (21) 
»*y be d i r e c t ly  introduced in to  equation  (1*9) above since X&raoglaaoff 
fflade no as swaption as to  the  k in e t ic s  o f the e lec tro d e  process* For the  
ease in  which ^  m y  be n eg lec ted , i*e« , when the  overvoltage i s  
g re a te r  th an  0*1 v o l t  ( IS ) ,  the  follow ing re la tio n sh ip  i s  obtained
- ( w o )
where P i s  defined  as  fo llow st
p   s. l °—  d - i i )
JT ^ nFD0
As in  th e  case of th e  re v e rs ib le  e lec tro d e  process the t r a n s i t io n  
t in e  obeys th e  r e la tio n s h ip  c °  s  p f K  Upon in troducing  the  t r a n s i t io n  
t in e  in  (1*10) one ob ta ins t
n  &
a 7T  _
;  < w t )
The r a te  oonstan t ^  i s  an exponentia l fu n c tio n  of the  e lec tro d e  
p o te n t ia l  o f the  fo ra
/ , <  _  « r  /
Owhere k p ^  is  the  value o f kf ^h fo r  B « 0 In the normal hydrogen ©leo* 
trod* a o e le , o< 1 . the. t r a n . f e r  c o e f f ic ie n t ,  and »* th e  masher o f e le c tro n .
6involved In  the  a c tiv a tio n  step* The combination of equation© (1-12) 
and (1-1S) yield©
p o te n tia l  should y ie ld  a  s t r a ig h t  l in e  whose re c ip ro c a l slope is  
8 * / = < V  Hence th e  value of <*$ nft may he determined from an a ly sis  o f 
th e  p o te n tia l- tim e  curves* The rat© constan t kg ^  is  ca lcu la ted  by 
e x tra p o la tio n  to  se re  p o te n t ia l  and by a p p lic a tio n  o f equation  (1*13)«
reactions were a lso  developed by Delahay and Bars ins t
(1 ) E lectrode processes preceded by a  f i r s t  o rder chemical reaction*  
(2} E lectrode  processes followed by re v e rsa l  of cu rren t*
(5 ) E le c tro ly s is  o f two component systems*
(4) Stepwise e le c t r o ly s i s  o f a s in g le  Substance*
For Case 1 i t  was shown by Delahay and Berzins (12) th a t  the t r a n ­
s it io n  time depends on th e  k in e tic s  o f the  chemical re a c tio n  preceding 
th e  e lec trochem ical process* A pplication  was made to  the  study o f the 
mechanism of th e  e le c t ro ly s is  o f complex Ions* I t  was revealed  th a t  
c e r ta in  complex ions are  d ir e c t ly  reduced a t  the e le c tro d e $ w hile o th er 
complexes undergo a  chem ical rea c tio n  before the  e le c tro n  t r a n s fe r  takes 
place.-
For processes involving re v e rsa l o f the  o u rren t (Case 2) Berzins 
and Delahay showed th a t  the  t r a n s i t io n  time fo r  the  process is  one-th ird  
o f th e  preceding t r a n s i t io n  time* %  an aly sis  of p o te n tia l- tim e  curves
which shows th a t  a p lo t o f the decim al logarithm  ® t(\ -  ( t / z  )^ /a g a in e t
T h eo re tica l trea tm en ts fo r  the follow ing types o f e lectrochem ical
i t  is  p o ss ib le  to  study the k in e tic s  of the e lec tro d e  process in both 
d i r e s t  ions when overvoltages are la rg e r  than  0*1 v o lt*
The t r a n s i t io n  time fo r  the second s tep  in the e le c t ro ly s is  of a 
two component system depends not only on the bulk concen tra tion  of th is  
substance b u t a lso  on the concen tra tion  o f the  component more e a s i ly  
reduced or oxidised* This problem, m s  t re a te d  q u a n ti ta t iv e ly  by Be ra in s  
and Delahay* The stepw ise reduc tion  o f a s in g le  substance a lso  lends 
i t s e l f  t o  q u a n ti ta t iv e  trea tm en t *
Scope o f t h i s  d i s s e r ta t io n
The prim ary purpose o f  th i s  d is s e r ta t io n  is  to  develop q u a n tita tiv e  
trea tm en ts o f various types of e le c tro d e  processes which were no t con* 
sid ered  by previous in v es tig a to rs*  In addition* ap p lica tio n  has been 
made to  th e  study of various fa c to rs  such as tem perature and ion ic  
in te ra c tio n  which in fluence  the k in e tic s  of e le c tro d e  processes*
The various phases o f t h i s  in v e s tig a tio n  are as fo llow si
(1) Development of experim ental methods*
(2 ) Experim ental study of re v e rs ib le  and ir r e v e rs ib le  e lec tro d e  
processes*
(5 ) Case of the  anodic ox idation  o f a m etal which i s  followed by
a chemical re a c tio n  involving the m e ta llic  ion  w ith  the  forma* 
t io a  of (a ) a sp a rin g ly  so lu b le  p re c ip ita te  and (b) a s ta b le  
complex ion*
(4) Case in  which th e re  is  p re fe re n t ia l  adso rp tion  o f the main 
product o f the e lectrochem ical reaction*
(6) E lectrode  processes in  which th e  e lectrochem ical re a c tio n  ic 
coupled w ith  a chemical rea c tio n  involving regenera tion  of 
th e  substance undergoing e lectrochem ical reaction*
(6) A pplications e f  vcltam aetry  a t  co n stan t c u rren t and polar©* 
graphy to  e lectrochem ical k in e t ic s i  (a )  study o f the e f f e c t  
o f tem perature and ion ic  in te ra c tio n ;  (b) study of th e  in flu *  
cnee o f tem perature in  e lectrochem ical k in e tic s*
CHAPTER XX
experimental methods
P oten t ia l- t im s  curves were obtained e i th e r  w ith  s ta tio n a ry  
e leo tro d ea  o r the  dropping mercury e lec trode*  A pen-and-ink recorder 
waa g en e ra lly  uaed in  the  ease of s ta tio n a ry  e leo tro d ea* although a 
few record ings were made w ith  a  cathode-ray  oscillograph*  With the 
dropping mercury e leo tro d e  record ings must be made in  a f ra c tio n  o f 
the  drop l i f e *  i f  the  e lec tro d e  i s  to  behave as a s ta tio n a ry  e le c ­
trode}  hesoe a oathode-ray o sc illo g rap h  must be u ti l is e d *  Recordings 
w ith  the  l a t t e r  instrum ent are le a s  p rec ise  th an  w ith  a pen-and-ink 
recorder* and th e  oathode-ray o sc illo g rap h  was u t i l i s e d  only a t  high 
c u rre n t d e n s i t ie s  o r when i t  was e s s e n t ia l  to  use the  dropping mercury 
e lec trode}  th is  was the  case when the  e le c tro d e  surface had to  be con­
tinuously  renewed as in  the  ad so rp tio n  s tu d ie s  (Chapter V)*
The apparatus fo r  both  th e  dropping mercury e lec tro d e  and s ta t io n ­
ary e le c tro d es  i s  schem atically  represen ted  in  Figure 2* The vo ltage  
re g u la to r  P su p p lie s  a  co n stan t vo ltage  of 200 to  300 v o lts  to  th e  
e le c t ro ly s is  v e s se l C connected in  s e r ie s  w ith  the  la rg e  re s is ta n c e  K y  
R esistance i s  made so la rg e  th a t  most o f the vo ltage  drop (99$ o r 
more) in  th e  c i r c u i t  occurs across R^* Thus* the c u rre n t passing  
through the  c e l l  i s  e s s e n t ia l ly  determined by R  ^ and is  v i r tu a l ly  
independent o f th e  process occurring  in  the c e l l  0* The c u rre n t
10
potentiometer
Figure 2* Basic la y -o u t fo r  e le c t r o ly s i s  a t  c o n s ta n t cu rren t*
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through tho eo 11 i i  determ ined by measuring the  p o te n t ia l  drop across 
th o  c a l ib ra te d  re s is ta n c e  &g« The p o te n t ia l  o f the working e lec tro d e  
i s  reworded by moans of instrum ent V, which w i l l  be d iscussed  in  d e ta i l  
below*
The m o d ifica tio n s  necessary  to  adapt the  apparatus to  record ings 
w ith  s ta t io n a ry  e le c tro d es  and w ith  the  dropping mercury e lec tro d e  
a re  considered se p a ra te ly  in  the  fo llow ing  sections*
APPARATUS FOR STUDIES WITH STATIOHART ELECTRODES
S le e tro ly s is  c e l l s
E le c tro ly tic  e e l ls  were designed to  reproduce as w ell as poss ib le  
th e  cond itions o f s e m i- in f in ite  l in e a r  d if fu s io n  a t  th e  po lar isa b le  
e lec tro d e*  S o lid  e le c tro d e s  (platinum ) and mercury pool e lec tro d es  were 
used* The c e l ls  designed fo r  the  l a t t e r  type o f e le c tro d e  w i l l  be f i r s t  
described* The mercury pool e lec tro d e  was used by Delahay and Bars ins 
bu t v a rio u s  m od ifica tions o f th e i r  design were introduced* The two 
types o f c e l l  rep resen ted  In  F igure 5 were f in a l ly  adopted*
The c e l l s  were composed o f th re e  e lectrodes*  the mercury pool* the  
a u x ilia ry  platinum  e leo tro d e  and the  re fe ren ce  e lectrode*  The f i r s t  two 
e le c tro d e s  were connected to  th e  constan t c u rren t power supply* and the  
vo ltage  between the  mercury pool and the reference  e le c tro d e  was 
recorded* The mercury pool was renewed before each recording# In the 
case o f o e l l  A, one arm of the  three-way stopcock was connected to  a 
rasreury re s e rv o ir  of 200 ml* A constan t le v e l was thus obtained# The 
s to p c o c k  was closed to  avoid contam ination of the  mercury in  the  r e s e r ­
vo ir*  A mercury pool of reproducib le  cures was obtained in  o e l l  B by
in troducing  a  known volume of mercury in  the  ©oil* The d iam eter o f the 
mercury in  o e l l  A woo 1*4 cm ., hu t even la rg e r  diam eters are  advisable 
in  order to  minimise th e  e f f e c t  of the  mercury meniscus • The a rea  o f 
th e  mercury pool v a r ie s  w ith  p o ten tia l*  because th e  in te rfa o  la  I  tons ion 
aeroury «*s o lu t ion * and consequently th e  curvature  of the men iso us -  
depend on the  p o te n t ia l  o f the  mercury pool* the  movement o f the su r­
face  o f th e  pool causes a s l ig h t  s t i r r in g  of the s o lu tio n , and a  depar­
tu re  from cond itions o f mass t r a n s fe r  under the sole influence of 
d iffu s io n *  In c e l l  B the  diam eter of th e  mercury pool was approxim ately 
2*5 cm*
A commercial sa tu ra ted  calomel e leo tro d e  (Bookman in d u s tr ia l  model} 
vras used* To avoid e r ro rs  re s u ltin g  from the  ohmic drop in  the so lu tio n  
th e  refe ren ce  e leo trode  was immersed in  a sleeve whose t i p  (ou tside  
d iam eter 1 mm*) was very c lo se  (0*5 mm* or le s s )  to  th e  surface  o f the  
mercury pool* S ines th e  value of th e  p o te n t ia l  o f the  a u x il ia ry  platinum  
e le c tro d e  was unim portant, both compartments o f the  c e l l  were f i l l e d  w ith  
the  so lu tio n  being e lec tro ly sed *  D iffusion  from one compartment to  th e  
o th er was p ra c t ic a l ly  prevented by a d isk  o f f r i t t e d  g la ss  as in  B © ells 
used in  polarography* Bo plug of ag ar-ag a r, as custom arily  used In  
polarography, was needed*
C e ll A i s  somewhat more convenient to  use then  s e l l  B because of 
the  ease o f renewing the  mercury pool and th e  s im p lic ity  of design*
This o e l l  can thus be recommended fo r  exp lo ra to ry  work or fo r  a n a ly tic a l  
determ inations* I t  h as, however, the  disadvantage of not providing fo r  
a  uniform d is t r ib u t io n  of c u rren t d en sity  (asymmetric p o s itio n  of the  
a u x il ia ry  e le c tro d e  w ith re sp e c t to  th e  mercury pool)* This disadvan­
tag e  is  e lim inated  in  o e ll  B of Figure 5* The r e s u l ts  repo rted  below
ato Hg
reservoir beaker
to
beaker
Figure 3. C ells fo r  e le c tro ly s is  a t constan t c u rre n t.
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were obtained w ith  c e l l  A* bu t i t  was v e r i f ie d  th a t  the  o p era tio n  of 
e e l l  B ia  e n t i r e ly  sa tis fa c to ry *
The platinum  e lec tro d e  waa constructed  by sc a lin g  a platinum  d iak  
s(approxim ately 0*3 cm* ) in  a g la s s  sleeve  in  the  form of a 0 tube* the  
platinum  d iak  was h e riso n ta l*  and th e  l i d  of the sleeve extended approx* 
ia a te ly  0*5 cm* above th e  diak*
geoorder and re la te d  equipment
The e le c t r o ly t ic  c e l l  in  s e r ie s  w ith  re s is ta n c e  (F igure 4) waa 
connected to  a  commercial power supply w ith  e le c tro n ic  reg u la tio n  of 
the  ou tpu t vo ltage  (200-500 v o lt* )*  The c u rre n t in te n s ity  was determined 
from th e  ohiaio drop in  a c a lib ra te d  re s is ta n c e  Eg* the  c e l l  being short*  
c ir c u ite d  by means of sw itch ( to  avoid progressive  p o la r is a tio n  and 
a  d r i f t  in  read ing)*  The c u rre n t in te n s i ty  measured in  t h i s  manner was 
s l ig h t ly  too  high s in ce  th e re  was no counter e#suf« of the  c e ll*  The 
corresponding re la t iv e  e r ro r  is  of th e  order of 0*5 per c en t ( t o t a l  
app lied  v o ltage  500 v o lts*  counter e*m*f* of 1 v o lt)*  A m anually 
operated quadruple pole double throw re la y  was in se rte d  in  the c e l l  to  
rev erse  th e  c u rre n t through th e  c e l l  a t  some stage o f the  e le c t ro ly s is  
(the  time elapsed during  the  re v e rsa l  of c u rre n t is  sm aller fo r  a re la y  
than  fo r  a togg le  sw itch)* At the  time o f the  c u rren t rev e rsa l*  r e s i s ­
tance Eg was au tom atica lly  introduced in  the c i r c u i t  by re la y  HI 1* and 
th e  c u rre n t could th u s  be decreased during  e le c tro ly s is  w ith  reversed  
cu rren t*  This i s  advantageous because the t r a n s it io n  time fo r  the 
reversed  process i s  only one th ird  of the  t r a n s i t io n  time fo r  the d i r e c t  
p rocess when the  c u rre n t d en sity  is  the  same in  bo th  processes (2)*
cell
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recorder oscillograph
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Figure 4 . Schem atic c i r c u i t  o f ap p ara tu s  f o r  reo o rd in g  
of p o te n tia l- t im o  curves*
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When the  c u rre n t d e n s ity  during  the reversed  process i s  decreased , th e  
t r a n s i t io n  t in e  in c reases  and more p rec ise  r e s u l ts  are obtained*
The vo ltage  between th e  mercury pool (grounded) and the reference  
e le c tro d e  was app lied  to  a Brown reco rder having a pen speed of 1 second 
fo r  f u l l  sc a le  d e f le c t io n , a c h a rt speed of 480 inches per hour, and a  
s e n s i t iv i ty  corresponding to  f u l l  sca le  d e f le c tio n  fo r  a 2*0 m il l iv o l t  
input voltage*  A compensating vo ltage was applied  to  the  input o f the  
reco rd er fo r  the follow ing reaso n . In the  i n i t i a l  s tep  of a p o te n tia l*  
tim e curve th e re  was g enera lly  a rap id  and large  (se v e ra l te n th s  of a 
v o l t )  v a r ia t io n  of the  p o te n tia l  of th e  mercury pool e lectrode*  Only 
low s e n s i t iv i t i e s  could thus be used and p o te n tia ls  were In accu ra te •
This was avoided by alm ost com pletely compensating th e  change o f 
vo ltage  corresponding to  the  i n i t i a l  segment of the  p o ten tia l- tim e  
curve* The compensating v o lta g e , supplied  by a s tuden t potentiom eter 
(sw itch  Sg in  p o s it io n  1 ) ,  was app lied  between p o in ts  A and B* The 
in p u t o f th e  reco rd er was disconnected from p o in t B ( re la y  £&> 2) 
before the  e le c t r o ly s is  was s ta r te d *  In th is  manner the pen o f th e  
rec o rd e r was no t swung v io le n tly  a g a in s t the  zero p o in t o f i t s  course 
b e fo re  recording* The e le c t r o ly s i s  was s ta r te d  by c lo s in g  re la y  &* 2, 
th e  motor d riv in g  the  eh&rt of the  reco rd er being always s ta r te d  a  
few seconds before  the c lo s in g  of re lay  HL Z to  avoid m issing the
i n i t i a l  segment of the p o ten tia l* tim e  curve*
The reco rd e r sc a le  was c a lib ra te d  by tu rn in g  sw itch in  p o s itio n  
2 , and applying a  known vo ltage  (po ten tiom eter to  AB) to  the recorder*
Tbs s e n s i t iv i ty  of the recorder was ad ju sted  by means of re s is ta n c e  Bg*
The re s is ta n c e  of the c i r c u i t  connected to  th e  c e l l  e^ eg was approx,!* 
m ately 1 megohm (R^ a 1 megohm) and the  c u rre n t drawn from the  c e l l
is
*1 *5 *** approxim ately 0*2 * 1 microampere* This c u rre n t was n e g li­
g ib le  in  ccap ariso n  w ith  the  c u rre n t through ©  ^ ©g (100 microamperes 
e r  more)* So p ream p lifie r  was used in  these  s tu d ie s  since th e  poten­
t i a l  read ings depend on the  ga in  o f  such an instrum ent* In  a n a ly tic a l  
a p p lic a tio n s  o f th e  method one i s  p rim arily  in te re s te d  in  measuring 
th e  t r a n s i t io n  time* and th e  use o f  a p ream p lifie r  (d ire c t-re a d in g  pH 
m eter f o r  example) is  recommended*
P o te n tia l- tim e  curves could a lso  be observed on th e  screen  o f a 
DuMont 304 fl cathode-ray  o so illo g rap h  (sw itch  in  p o s itio n  2)* The 
s ig n a l  a c tu a tin g  the  d riv en  sweep of the o se illo g rap h  was taken  from 
th e  p o s it iv e  te rm in a l of the c o i l  o f  re la y  EL Z$ th e  negative  te rm in a l 
o f th e  c o i l  being grounded (not shown in  Figure 4)*
APPARATUS FOR STUDIES WITH THE DROPPING HERO UR? ELECTRODE
P o te n tia l- tim e  curves must be recorded in  a f ra c t io n  o f a second 
when a dropping mercury e lec tro d e  i s  u t il iz e d *  the  e lec tro d e  a rea  
v i r tu a l ly  does n o t vary under such conditions# and the  e lec tro d e  behaves 
as a s ta tio n a ry  e lectrode*  To ob ta in  reproducib le  c u rre n t d e n s it ie s  i t  
i s  e s s e n t ia l  to  make th e  recordings always a t  the same stage  o f th e  drop 
l i f e *  This can be done by th e  follow ing method which was o r ig in a lly  
developed by G ie rs t and J u lia rd  (16)(17)*
The mercury drop was dislodged by a magnetic hammer whose opera tion  
was c o n tro lle d  (F igure 5) by c lo s in g  re la y  RL1 w ith  the  manually operated 
sw itch $• At th e  moment the  drop was dislodged# th e  time re la y  RLg was 
ac tiva ted#  and# a f te r  a  given time# the e le c t ro ly s is  was s ta rte d *  The
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Figure 5* Schematic c i r c u i t  o f sy n ch ro n iza tio n  dev ice 
fo r  e le c t r o ly s i s  w ith  th e  dropping mercury e le c tro d e #
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tim e between the  f a l l  o f the  drop and the record ing  o f the p o te n tia l*  
tim e curve was ad ju sted  by vary ing  re s is ta n c e  E^j t h i s  time could be 
v a rie d  between 5 and 11 seconds* the c u rre n t passing through th e  c e l l  
was ad ju sted  so th a t  the tim e o f e le c t ro ly s is  was le s s  than  about 1 
second* I t  has been shown (14) th a t  cond itions o f l in e a r  d if fu s io n  
v i r tu a l ly  hold i f  th e  d u ra tio n  of e le c t r o ly s i s  is  le s s  than  one second* 
th e  a rea  o f th e  mercury drop (th e  drop was as sinned to  be a sphere) 
was c a lc u la te d  from th e  follow ing re la tio n sh ip
where d i s  the  d e n s ity  o f aerouxy, m the  r a te  o f  flow  of mercury, and 
t  the  t in s  e lapsed  between th e  f a l l  o f the drop and the beginning o f 
th e  reco rd in g  o f the  p o te n tia l- tira e  cu rve .
O ther p a r ts  o f th e  apparatus i l lu s t r a te d  in  Figure 5 have functions 
s im ila r  to  those described  fo r  use w ith  s ta tio n a ry  e lec trodes*
CHAPTER I I I
BZmXMSHTAl. RTUDT OP SEVERSISUB AKD IRREVERSIBLE PROCESSES
Experim ental stud  la s  o f  p o te n tia l- tim e  curves have been very 
•can ty  (21)* and th i s  p a r t  o f th e  th e s is  d e a ls  w ith  such s tu d ie s  fo r  
re v e rs ib le  and i r r e v e rs ib le  processes* The d a ta  obtained fo r  a  few 
ir r e v e r s ib le  processes a re  a lso  used in  a v e r i f ic a t io n  o f th e  theory 
o f  i r r e v e r s ib le  polarogrephi© waves*
R eversib le  p rocesses
The fo llow ing p rocesses were studied* red u c tio n  of cadmium and 
th a lliu m  on a  mercury e le c tro d e « and reduc tion  o f f  e r r  icy aside on a 
p latinum  electrode*  The tem perature o f  the e le c tro ly se d  so lu tio n s  
was 90  2°C* no c lo s e r  c o n tro l o f tem perature was requ ired  as w i l l
be apparent from the  follow ing d iscussion*
The tra c in g  o f a p o ten tia l- tim e  curve fo r  the reduction  o f cad* 
mlum Ann on mercury and f o r  the  corresponding re -o x id a tio n  process is  
shown in  Figure $• As was pointed out in  Chapter 1* re v e rs ib le  ca tho - 
d ic  p o te n tia l- tim e  curves such as the  one o f Figure 6 obey the  fo llow ­
ing equation  when the  main re a c tio n  product is  so lu b le , e i th e r  in  the  
e le c tro d e  (mercury) or th e  so lu tio n
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Figure 6* P o te n tia l- t im e  c u rv e ffo r  the  red u c tio n  o f  4 mM 
cachaium(ll) and th e  subsequent anodic o x id a tio n  of cadmium 
amalgam. S upporting  e le c tro ly te *  1 M potassium  n i t r a t e .
z $
The n o ta tio n s  in  aquation  (3*1) aura as follow s » IS i s  the  po ten t l a l  o f 
th e  e le c tro d e , ZT the  t r a n s i t io n  tin s*  t  the  t in s  elapsed, since the
are  a c t iv i ty  c o e ff ic ie n ts*  and D*s d if fu s io n  o o e ffie te n ts*  According
y ie ld  a s t r a ig h t  l in e  o f re c ip ro c a l s lops 2*3 Et/sF* Such p lo t#  fo r  a  
few e le c tro d e  re a c tio n s  are  shown in  F igure 7 . The experim ental re s  ip* 
re e a l  s lopes o f 0*091 fo r  th a lliu m  sod 0.032 f o r  cadmium are in  good 
agreement w ith  th e  th e o re t ic a l  values of 0*060 and 0*030 re sp e c tiv e ly .
The slope  0*068 fo r  fe rr ic y a n id e  is  somewhat h igher th an  the  expected 
value 0*060* possib ly  because of secondary e f f e c ts  (im purities*  adsorbed 
oxygen* e tc * )  r e s u l t in g  from the  use of a  platinum  e le c tro d e . Experiment 
t a l  re c ip ro c a l slopes even fo r  re s u l ts  obtained w ith  the  mercury pool 
a re  s l ig h t ly  h igher than  th e  th e o re tic a l  values a t  le a s t  fo r th ree  
reason* t 1* D is to r tio n  of po ten tia l* tlm a  curves by the recorders 
2* In te rfe ren ce  o f  convection w ith  d if fu s io n  a t  the  e lec tro d es 
3* U ncertain ty  in  the de term ination  of the t r a n s i t io n  time from the  
p o ten tia l* tlm e  curve*
As was shown by Bert ins and Delahay (2)* the  equation  o f th e  p o te n tia l*  
tim e curve f o r  the re -o x id a tio n  process i s
beginning o f e le c tro ly s is *  and is  defined  by
//
owhere £ i s  the  standard  p o te n t ia l  fo r  the  e le c tro d e  process* the f fs
a g a in s t E should
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Figure 7* P lo t of log a g a in s t  p o te n t ia l  fo r  r e v e r s ib le  e le c tro d e
processes*  4 mM potassium  fe rr ic y a n id e  in  0*1 B s u lf u r ic  a c id ;  4 alS th a l l iu m ( l)  
in  1 M potassium  n i t r a t e ;  4 mM cadm ium (II) in  1 M potassium  n i t r a te *
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where the  n o ta tio n s  a re  th e  same as in  equations (3*1) and (3*2) and 
where t*  is  the  tim e elapsed  since the  t r a n s i t io n  time T  * According 
t o  (3 -3 ) the  logarithm ic  term  v a r ie s  l in e a r ly  w ith  p o ten tia l*  and the  
re c ip ro c a l slope o f  th e  re s u ltin g  l in e  is  2*3 Rt/nF (decimal logarithm )* 
t h i s  slope i s  the  same as f  o r  the  logarithm ic p lo t  fo r  the c a t  hod ie  
process* The v a l id i ty  of t h i s  conclusion i s  apparent from the diagram 
o f  F igure  7 ,
Aooording to  equations (3-1 ) and (3-3) th e  p o te n tia l  i s  the same 
for the  oathodio and anodic curves* th is  p o te n tia l  corresponds to  
t - s ^  fo r  th e  oathodio curve and to  t*  -  0,222 (^ /& )  til0 anodic 
curve* F in a lly  from (3-2 ) i s  th e  same as the corresponding p o la ro - 
graphio half-wave p o te n tia l*  Experim entally i t  was found th a t  there  is  
a  d iffe re n c e  o f the o rder of 10 m il l iv o l ts  between the  oathodio and 
ancdie values o f E^* This could be caused by a s l i g h t  degree of i r r e v e r ­
s i b i l i t y  o f th e  e le c tro d e  processes* bu t i t  i s  more l ik e ly  th a t  d i f f e r ­
ences between the  oathodio and anodic values of l x r e s u l t  from the  ohmic
t
drop in  so lu tio n  between th e  t i p  o f the sleeve of the  reference  e lec tro d e
(F igure 3) and the  p o la rise d  e lectrode* With c u rre n t in te n s i t ie s  o f the
o rder o f 100 microamperes the ohmic drop between two p o in ts  a t  a d is tan ce
o f 1 mm, or so  in  a 1 molar e le c tro ly te  (potassium  n i t r a te  or c h lo rid e )
is  a few m ill iv o lts *  th e  c ro ss sec tio n  area of the  c e i l  being of the 
2order of 1-2 cm « Since the cu rren t was reversed during re-ox idation*  
the d iffe ren c e  between oathodio and anodic values of is  the  double 
o f  th e  ohmic drop* The average of the two values o f E^ would be th e  
c o r re c t  experim ental value of B , i f  i t  were not fo r  the  ohmic drop in
26
tb s  o i r e u i t  e^ as re s u l tin g  from the  cu rre n t consumption by th© input 
© lament of th e  recorder* The corresponding c o rre c tio n  and co rrec ted  
values o f are  l i s t e d  in  Table I  to g e th e r  w ith  polarographic half'-wave
p o te n t ia ls .  The agreement i s  good i f  one takes in to  account} 1 , The 
u su a l e r ro r  o f approxim ately 0*006 v o l t  f o r  polarographic half-wave
p o te n t ia ls i  2* P ossib le  minor e r ro rs  In th e  values of H, as determined
f
by the  co n stan t c u rre n t method* 3 , The d iffe ren ce  between th e  tempera* 
tu re s  a t  whioh our va lues (30 £  2®) and the  polarographic half-wave 
p o te n tia ls  were determ ined (2 6 °),
TABLE 1
P o te n tia ls  ( in  v o l ts  v s . $,C*g*)
oathodio smod xo c o rre c tio n co rrec ted polarographio
Cd -0,678 -0.569 -0.006 -0,680 -0,686
n -0 ,46  3 -0*456 -0,004 -0,463 -0,476
F e (c » ) ; 0,240 0.252 0.007 0.253 0,240*
©Approximate value  of th e  standard  p o ten tia l*
Irreversib le  processes
The follow ing processes were studied} reduction  of oxygen# n ick e l 
( I I )#  and c o b a l t( I I )  in  vario u s media, A merouiy pool e lec tro d e  was
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used In  t h i s  study* the  tra c in g  o f a  p o te n tia l- tim e  curve f o r  the 
reduction  of u iok» l( IX) is  shown in Figure 3* As was ahotra, fey Delahay 
and Bars ins (sea Chapter I )  th# p o te n t ia l  should vary abrup tly  a t  time 
t  * 0 (n eg lec tin g  th# charging o f th# double la y e r)  f o r  a to ta l ly  
i r r e v e rs ib le  e lec tro d e  process which involves only one ra te  determ ining 
step* This i s  v i r tu a l ly  th e  ease in  Figure 3 and fo r  the o th er e le c ­
tro d e  p rocesses s tud ied  here* A p e rfe c tly  sharp angle was n everthe less  
s e t  observed even when p o te n t ia l - t ia e  curves were recorded by means of 
a  cathode-ray  osc illograph*  This d iscrepancy probably r e s u l ts  from 
some k in e t ic  com plications which a re  n e t taken  in to  account* The 
e f f e c t  appears minor in  th e  oases stud ied  here*
I t  fo llow s from equation  (1*14) t h a t  a p lo t  o f l o $ j l  * ( t / r  ) ^ J
a g a in s t £ should y ie ld  a s t r a ig h t  l in e  whose re c ip ro c a l slope i s  
(2*3 HT)/( ^b^P)* being the t r a n s fe r  c o e f f ic ie n t  f o r  the  oathodio 
process and n^ th e  number of e le c tro n s  involved in  th e  ra te  determ ining 
step*  Such diagrams are shown in Figure 9 fo r  various i r r e v e rs ib le  
processes* Values of nR deduced from Figure 9 were* 0*49 fo r  oxygen 
in  ace ta te  buffer*  0*69 f o r  oaygen in  sodium hydroxide* 0*70 fo r  n ick e l 
in  potassium  ch lo rid e  and 0*83 fo r  cobalt*  Values o f  £ fo r  t  * 0 
wore determined from Figure 9 and c o rre c tio n s  were made as f o r  the
p o te n tia ls  E^ above* tak ing  0*006 v o l t  as the  ohmic drop between mer­
cury  and th e  t ip  of th e  sleeve of the reference  e lectrode*  The formal 
r a te  co n stan t k a t  E* * 0 wae c a lcu la te d  by applying the  equationX
(see Chapter I )
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F igure 9* P lo ts  o f log lJ  v e rsu s  p o te n t ia l
fo r  t o t a l l y  i r r e v e r s ib le  e le c tro d e  processes} Curve 1, 
oxygen in  a c e ta te  b u f fe r ;  Curve 2, oxygen in  1 M sodium 
hydroxide; Curve 3 , c o b a l t ( l l )  in  1 M potassium  c h lo r id e ; 
Curve 4 , n ic k e l pH ) in  1 M potassium  c h lo r id e .
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where 0 Is  the  hulk  concen tra tion  of reduc ib le  substance in  male*.cm* * 
sad i °  i s  the  c u rre n t d e n s ity . The r a t s  constan t k |#h  ** th e  p o te n tia l  
£ e  0 in  th e  normal hydrogen e lec trode  se a ls  was f in a l ly  computed from
9 ~ y < i  ^ r / j  £ T .  j  <**«>
Values of log  k j ^  as deduced from th e  d a ta  o f F igure $ were as 
fo llo w st *12,5$ fo r  n ic k e l in  potassium  ch loride*  and #15*09 f o r  cobalt*  
the value o f k j ^  fo r  th e  reduc tion  of oxygen was no t c a lcu la ted  because 
th e  co n cen tra tio n  G° o f  th i s  substance was n o t determined* These d a ta  
are  used below*
Summarising, one can determ ine by th e  p resen t method th e  param eters 
su and k? * whieh c h a ra c te r ise  th e  k in e tic s  of a t o t a l l y  I r re v e rs ib le
m— m m U  « H d  | M  i M a M W  ^mmmrnmmw  ..... .. vmwtm— — mm* m m ■■ s ni<a » in u i « M m * »  a s m  e ka »i ■'» mkm m  iJ pW  ............. ...............
e lao tro d e  process involving one r a te  determ ining step*
e a « M M M n a l a M d  I w m n M M a e M  M M a e * M a S M * J »  m m mm * mmmmmm
VERIFICATION OF THE TREO&BTICAL MfeTHBfl? OF 
IR8EVERSIBU PQURO8RAPHI0 WAVES
The experim entally  determined values of and k f#& reported  above 
can be used in  a t e s t  of the th e o re t ic a l  trea tm ent o f i r re v e rs ib le  p o la ro - 
graphic waves* I t  can be shewn (15) th a t  th e  ha If-wav© p o te n tia l  fo r  an 
i r re v e rs ib le  wave, th e  c h a ra c te r is t ic s  o f whieh are determined by a 
s in g le  ra te  determ ining s te p , i s
£  = A  ~ j (a -e )
where i s  re fe r re d  to  th e  no raa l hydrogen e le c tro d e , f  is  a q u an tity  
which Tar lea  w ith  drop tim e, i s  th e  d if fu s io n  c o e f f ic ie n t  of the 
substance being reduced, and th e  o th er n o ta tio n s  are those of equation  
(*"*)♦ For **uai drop tim es from 2 to  4 seconds, (/■ la  euoh th a t  log (0 
is  comprised between -Q*33 end -0 ,4 7 , Values of * . obtained from 
equation  (3-6) and fo r  a drop time o f 4 seconds were as fo llow s (vs* &*C«£•)» 
-1*14 v o lts  fo r  n ic k e l( I I )  in  1 M potassium  c h lo r id e , and -1*09 v o lts  
f a r  c o b a l t( I I )  in  1 M potassium  chloride*  The corresponding experim ental 
values as rep o rted  in  th e  l i t e r a tu r e  are* -1*1, and -1*2 v o l ts ,  
r e s p e c tiv e ly . The agreement i s  good since th e re  are  two causes of d ie*  
crepaney* 1* Polarographic half-wave p o te n tia ls  were measured in  p re s ­
ence o f some maximum suppressor suoh as g e la t in ,  whereas the ca lcu la ted
n ,  — — — — * — —  • b*“ -
This i s  im portant because the  product v a r ie s  when t r a c e s  o f  sub­
s tan ces  such as g e la tin  are  added to  the so lu tion*  2* Equation (3-6) 
is  approximate because i t  was derived by adapting t he so lu tio n  of the  
corresponding boundary value problem fo r  se m i- in f in ite  l in e a r  d if fu s io n  
to  th e  case of th e  dropping mercury e le c tro d e .
I t  should be added th a t  d a ta  obtained from the constan t c u rre n t 
method were in te rp re te d  by assuming th a t  the  e lec trode  process involves 
only one r a te  determ ining s tep  w ithout k in e tic  com plications* The same 
hypothesis was made in  th e  d e riv a tio n  of equation (3-6)* Hence the 
agreement between ca lcu la ted  and experim ental half-wave p o te n tia ls  
does no t imply th a t  t h i s  hypothesis i s  co rrec t*  However, a r e la t iv e ly  
c o n c lu s iv e  proof of th e  v a lid i ty  o f th is  hypothesis i s  to  be found in  
th® fa c t  th a t  the  curves of Figure 9 are l in e a r  as p red ic ted  by theory*
chapter i f
ANODIC OXIDATION OF METALS WITH TBS FORMATION 
OF A PHBCIPITATE OS A COMPLEX ION
Tto consider in  th i s  ch ap te r the  anodic ox idation  of a  m etal M 
in  a  so lu tio n  in  which a p re c ip ita te  E  or a  complex ion MB£ id formed* 
This ease i s  more involved th a n  th e  process in  which the  m etal under­
goes anodic d is s o lu t io n  w ith  th e  form ation o f a so lub le  species* I t  
i s  th e re fo re  f r u i t f u l  to  consider t h i s  l a t t e r  case f i r s t .  This w i l l  
be done on the assumption th a t  l in e a r  d if fu s io n  i s  the  so le  mode of 
mass t r a n s f e r  o f the  ox id ised  sp e c ie s .
Since the  e le c t r o ly s i s  c u rre n t is  constant* the  f lu x  o f the  m etal 
c a tio n s  i s  constan t a t  the  e lec tro d e  surface* The co n cen tra tio n  o f 
c a tio n s  can th u s  be c a lc u la te d  by using F iok 'a  equation  as was done by 
Sand fo r  the  red u c tio n  o f a so lub le  species on an in e r t  e lectrode*  The 
r e s u l t  obtained in  th is  fash ion  i s  obtained on the  im p lic it assumption 
th a t  the  e leo tro d e  area  does not vary during  oxidation* The concentra­
t io n  o f  c a tio n  M ^ a t  the  e le c tro d e  su rface  is  (see equation  ( l - 3 ) ) i
the e lec tro d e  p o te n t ia l  during ox idation  can be ca lcu la ted  by 
in troducing  the  concen tra tion  of M ^ fro m  (4-1) in  the  su ita b le  equation
32
(4-1)
fo r  th* p o te n t ia l ,  i t  being assumed. th a t  the  a c t iv i ty  o f th© metal 
undergoing ox idation  1* equal to  unity* I f  th© e lec tro d e  is  reversib le*  
one deduces from the Nbrnst equation
e  * a  ( M )
Q uite n a tu ra lly  no t r a n s i t io n  time can be observed as long as the  
so lu tio n  i s  n o t sa tu ra te d  w ith  th e  product o f e le c tro ly s is *  This case 
i s  o f  l i t t l e  p ra c t ic a l  value*
ANODIC OXIDATION WITH THE FORMATIOH 
OF A COMPLEX ION
Consider th e  o x ida tion  o f  n a ta l  M w ith  the  form ation o f  a complex 
i&2 * Because o f th e  consumption o f A* th e re  i s  p rogressive  d e p le tio n  
o f t h i s  ion a t  the  e lec tro d e  su rfa c e . This causes a v a r ia tio n  o f  the  
e le c tro d e  p o te n t ia l  which ©an be accounted fo r in  th© follow ing manner* 
P ic k 's  equation  fo r  l in e a r  d iffu s io n  must he modified to  take  in to  
aecount the  form ation o f the complex ion in  so lu tion* Thus
s & S ' d l  = o  '*- -  9,% + i * * )
where ^ / r e p r e s e n t s  th e  r a te  o f concen tra tion  change re s u ltin g  from 
th e  form at ion  o f the  complex ion MAg* An exact knowledge of /%  
i s  n o t necessary  as w i l l  be shown la te r*  Likewise* one has
and
J - 6  r ' M *
(4-6)
Sian* th e  eha»ie»l re a c tio n  involves two entona (A ) fo r  each 
a e te l  ion , one he*
(4*f)
and
£ (4*7)
Tba above system o f d i f f e r e n t i a l  equations w i l l  be solved f o r  the
p a r t ic u la r  ease  in  whieh the  fo llow ing assumptions are  valid*
(1 ) E quilibrium  f o r  the  form ation of the complex ion i s  reached* 
and consequently one may w rite
fo r  any va lues o f x  end t  j
(2) The d if fu s io n  c o e f f ic ie n ts  in  equations (4*3)* (4*4) and (4*6) 
a re  equal*
(3) The a rea  o f  th e  e lec tro d e  remains constan t during e le c t  ro ly s is  • 
I f  th ese  assum ptions a re  n o t made* th e  m athem atical treatm ent
b e c o m e s  very  d i f f i c u l t  because I t  involves the  so lu tio n  o f non*l inear 
p a r t i a l  d i f f e r e n t i a l  equations*
The i n i t i a l  cond itions a re t
(4*8)
i 7 -
m z
■0 0 
'V '
f t *
The boundary oond itions are*
D d£cn-S fa/ £ )-77?-*
at X X=0 " V F
(4-3)
(4-10)
<4*U)
^(L-(X,6) -JQh jiA  XiX )
Furtherm ore, one baa
^  - *  <?
= £>
(4 -U )
,. , _ _ . - . & —*  (2 Ur X ->Oo
> /  /Z"* ’ •*"
Condition (4*11) s t a t s 8 th a t  th e  c u rren t d e n s ity  i s  co n stan t, i* e .# 
th a t  th e  f lu x  o f m etal ions a t  the e lec tro d e  su rface  is  constant*  
C ondition (4-12) expresses th a t  the  ions A* and Ma£ do not undergo a n y  
e lee tro -ch em ica l re a c tio n !  hence the  flu x  of these substances a t  the 
e le c tro d e  su rface  i s  equal to  zero*
by making the  fo llow ing su b s titu tio n s
/??* rf (4-13)
/9
V ^ /
/ /?
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(4-14)
mam transfo rm s equations (4 -8 ) , (4-9) and (4-10) In to  th© follow ing 
d i f f e r e n t i a l  equations
° > P U ,4 J  = ^
Jt £  d  X  (4—IS)
^  J f i .  (4-18)
The I n i t i a l  and boundary cond itions are now*
^■ (jf/O )  - £@ sn+  ^ 4 -
j  f t  °  + ^
n  )  c f ^ C / , 6 )
I -  ^  J  - 0
Co
2.
(4*17)
(4-18)
n P W i i l )  = -  A ± ±
f t /  j  X -  o 7 7  r  (4-19)
~r? F  (4-20)
/  ' / f 9
Furtherm ore, d  0 and tp -^> d°  /  ^ 7 — aa / &  t
/  4 - /  P
The above boundary value problem w i l l  be solved by applying th©
Laplace transform ation*  Th© transform© fo r  th© so lu tio n  of (4-15)
M trad K e re  in te g ra tio n  constants*  The values of M and I  are 
obtained by s a t is fy in g  th e  transform s of th e  i n i t i a l  and boundary eon** 
d itio n s*  Thus
A 7 *  / ,/=  “ — (4-2$)
Basse the  transform s a t  ac s  0 are
° ^
p f X t * )
o
4
Y- o  ^  (4-24)
0  ( x ,  s ; •A
/ = o  *  S ' ^ - n F O ^
$y inverse tran sfo rm atio n  (7) one obtains*
</-(Oj6) = J l  P A ' /;l F  </■*
* K * r
(4-25)
(4-26)
(4-27)
wfasr* /? =  * ± ° -- (4-27a)
I s  view o f equations (4*18) and (4*14) one has
The co n een tra t ion o f the  m e ta llic  ion  a t  x s  0 is  obtained by in tro *  
ducing and in  th e  expression  fo r  the in s ta b i l i ty  constant* 
tfeo r e s u l t in g  cubic equation  in  0^+ is  ra th e r  em bers cane to  handle and 
i t  I s  f r u i t f u l  to  consider the  oase in  which the  i n i t i a l  concen tra tion  
o f  th e  anion A* i s  much la rg e r  th an  the  i n i t i a l  co ncen tra tions o f ions 
X and X&2 * The cubic equation  in  i s  then t
Vs s h a l l  d e fin e  th e  t r a n s i t io n  t in e  £" by th e  re la tio n sh ip  O** * 
Upon In troducing  th e  t r a n s i t io n  time in  (4*30) one has
For s n a i l  v a lu e s  o f X equation  (4*31) y ie ld s  th e  follow ing so lu tio n
fo r
’f t l*  P Z  __
(4*32)
or in  terms o f C?
/ 7/ { 7ry? t  P ° (4*33)
S u b s titu t io n  in to  the  Nenast equation  y ie ld s  th® follow ing equation  
fo r  the p o te n tia i* tia e  curve*
The 'v a lid ity  e f  equation  (4-34) i s  determined below*
ANODIC OXIDATION WITH FORMATION OF A PRECIPITATE
Consider th e  ox idation  o f  m etal IS w ith  th e  form ation o f a p re c ip ita te  
MA* By a  reasoning analogous to  th a t  presented in  th e  previous se c tio n  
one may modify P ic k 's  law to  account fo r  the  form ation o f th e  p re c ip ita te *  
A s im ila r  r e s u l t  may be obtained from th e  follow ing eons ids r a t  ions*
I f  one a ssess*  th at th e  p re c ip ita te  ISA i s  formed a t  the  e lec tro d e  
su rface. P ic k ’s  eq u atio n  can be ap p lied . The coneentr a t  ion o f the  anion 
a t the e le c tro d e  su rface  is*  th en  (see  equation  (l*$})«
where P i s  defined  by equation  (4-27a)* One may determ ine + a t  x  * q$ 
by s u b s t i tu t io n  in to  th e  expression  fo r  the s o lu b i l i ty  product constan t 
S* Thus*
I f  one d e fin e s  th e  t r a n s i t io n  time by the  re la tio n sh ip  0A~(G, Z )  a o* 
ene deduces from (4-36) th e  equation
( f  = (? ° (4-36)
(4-87)
whieh may a lso  be w r i t te n  under th e  form
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I$jr s u b s t i tu t io n  in to  th e  Hernat equation  the  follow ing expression  fo r  
th e  p o te n t ia l  Him® curve is  obtained t
£  - £  “ * ^  ~  (  i / T ^ ]  (4*38)
RXFEaiMsmL vkrxfxcatioh foe the aeodic c&xdatior
OP SILVER m  PjtiS&EHCB OF CYAKXDE OH HALIDES
The preceding trea tm en t was v e r i f ie d  in  th e  case o f the anodic
o x id a tio n  o f s i lv e r  in  the  presence o f  cyanide ion and various halides*
P a te n tia l- tia ©  curve* were recorded w ith  a  pen-and-ink reco rd er as
ind ica ted  In Chapter 11* The a re a  of the  s i lv e r  e lee tro d e  was app rax i- 
2m ately 1  ca* in  each c a se .
A tra c in g  of a p o ten t i a l - t i a e  curve fo r  the  anodic ox idation  o f 
s i lv e r  in  a presence o f cyanide ion is  shown in  Figure 10* The p o te n t ia l -  
t in e  curve e x h ib its  two steps* the  f i r s t  due to  the form ation of the 
s ta b le  complex ion Ag(C¥)g, the  second s tep  due to  the  p re c ip ita t io n  o f 
Ag(CI). The foregoing  an a ly s is  i s  app licab le  to  th e  f i r s t  o f these  two 
steps*
One deduces from equation  (4-34) th a t  a p lo t o f log
a g a in s t p o te n tia l  should y ie ld  a s t r a ig h t  l in e  whose re c ip ro c a l slope
is  2*3 RT/dF. Such a diagram is  shown in  Figure 11 fo r the  ox idation  
o f s i lv e r  in  th e  presence o f  cyanide# The rec ip ro ca l slope o f 0*064 
i s  in  reasonably good agreement w ith  the th e o re tic a l  value o f 0*060*
Figure 12 is  a tra c in g  of p o ten tia l- tim e  curves obtained fo r  the
anodic o x ida tion  o f s i lv e r  in  1 mM and 5 miff lith ium  chloride*  The 
s o l id  c u r v e s  are those ca lcu la te d  from equation  (4 -39 ), w hile the
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p o in ts  re p re se n t experim ental data# The th e o re tic a l  p lo ts  were extended
p a s t tho t r a n s i t io n  time by aquation (4 -2 ) , the value o f the  s o lu b il i ty
product o f s i lv e r  ch lo ride  was se lec ted  to  f i t  the curve in  one p o in t,
*10
and the  value  S. ^  3 4 x 10 was adopted* th is  value is  appreciably  
« -  -*10la rg e r  th an  th e  value  6  * 1 .1  x 1 0  fo r  SO0  0 * th is  d iffe ren c e  is  to  
be expected s ince  the  p a r t ic le s  of s i lv e r  c h lo r id e , which are formed a t  
th e  su rface  o f th e  s i lv e r  e lec tro d e  a re  much sm aller (th e  th ick n ess o f 
th e  s i lv e r  ch lo rid e  la y e r  is  only a four angstroms ia  our experim ental 
c o n d itio n s) th an  those fo r  which the  repo rted  value S has been deduced* 
f t  la  w ell known th a t  the  s o lu b i l i ty  o f a p re c ip ita te  decreases*
One deduces from equation  (4*89) th a t  a p lo t  o f log [ \  m ( t / z r ) ^  
should y ie ld  a  s t r a ig h t  l in e  whose re c ip ro c a l slope is  2 ,3  RT/bF. The 
v a l id i ty  o f  t h i s  a n a ly s is  i s  confirmed by. the  experim ental d a ta  o f 
Figure 13* The re c ip ro c a l slope o f the log /v e rsu s  E lin e
i s  0*067 fo r  e h le r id e  and 0*061 fo r  bromide w hile the  th e o re tic a l  
slope i s  0.060*
Xt should be added th a t  th e  d e riv a tio n  of equation  (4*39) Is  based 
on th e  imp l i e  i t  assumption th a t  the  layer of s i lv e r  ha lid e  a t  the  e lee*  
tro d e  surface is  so th in  th a t  the  r a te  of d iffu s io n  o f s i lv e r  ions 
through th i s  lay e r  is  so high th a t  i t  need not be taken In to  account* 
The q u a n tity  i 0 ZT^ should be independent o f eu rre n t d en sity  i f  th is
7-  4assumption is  c o r re c t ,  w hile otherwise one might expect th a t  1^  
in c reases  w ith  e u rre n t d en sity  (th e  th ickness of th e  lay e r decreases 
as th e  c u rre n t d en sity  increases since the quantity  of e le c t r i c i ty  
i  rd e o ra a « a »  fo r  i n c r c i n g  v o luo . o f  i 0) .  A ctually .  i f  *  U  t a d .-  
pendent of c u rre n t d e n s ity  a r  I s  apparent from Table I I ,  and the
f  LIBRARY A
d e riv a tio n  o f (4*39) r e s t s  eh^i sounds/oasis.
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TABLE I I
Value•  o f  i  6 a fo r  th e  anodic ox idation  of s i lv e r  in  6  xaM KBr o
i 0 (lO~^ aaj>* eau*^) (see.) i . r *0
o .id a 166.0 2.60
0.228 53*6 2.40
0*588 4 1 .5 2.35
0.418 82.5 2.88
0*486 80.7 2.22
0.401 36*8 2.40
0.884 17.7 2.48
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F igure  10, P o te n tia l- t im e  curve fo r  the anodic o x id a tio n  o f  s i lv e r  in  the  p resence o f 
cyanide ion* S o lu tio n  com position: 5 mM potassium  cyan ide, 0*1 M potassium  n i t r a te *
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P O T E N T I A L  (V. vs .S .C.E.)
Figure 11. P lo t of log ~ f o r th e  anodic
o x id a tio n  o f s i l v e r  in  th e  presence o f cyan ide .
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Figure 12* P o te n tia l- t im e  curves f o r  th e  anodic o x id a tio n  o f s i lv e r  in  the presence o f
(1) 1 mM lith iu m  c h lo r id e ;  c u rre n t d e n s ity  eq u a ls  0*198 m illiam peres p e r  square c en tim e te r ;
(2) 5 mM lith iu m  c h lo r id e ;  c u r re n t d e n s ity  equals 0*584 m illiam peres p er square c e n tim e te r . 
S upporting  e le c t r o ly te s  0 .1  M potassium  n i t r a t e .
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P O T E N T I A L  (V. v s .S .C .E . )
F igure 13* P lo ts  of log C /r~ J  fo r  the
anodic o x id a tio n  of s i l v e r  in  th e  presence of 
(1) 5 mM sodium brom ide, (2) 5 mM lith iu m  ch lo ride*
GEAFXSK v
Bl^CTSODE PROCESSES WITH PREFERENTIAL ADSORPTION 
0? t m  ELECTROLYSIS PRODUCT
I t  has been observed by Brdioka (6) th a t  the  polarographio 
red u c tio n  o f  c e r ta in  dyes and o th e r  organic substances* r ib o f la v in  
f o r  example# y ie ld s  too  w ares, w hile only a s in g le  ware would bo ex­
pected* In  cathodio  p rocesses the f i r s t  ware occurs a t  le s s  ca tho - 
d ie  p o te n t ia ls  th an  one would expect from th e  equ ilib rium  p o te n t ia l  
o f  th e  redox coup le , i . e . ,  fo r  th e  dye and i t s  reduced form# The 
appearance erf t h i s  f i r s t  wars was ascribed  by Brdioka to  th e  p re ­
f e r e n t ia l  ad so rp tio n  o f  th e  reduced form of th e  dye* Brdioka 
developed a th e o re t ic a l  trea tm en t which accounts fo r  the e s s e n t ia l  
fe a tu re s  o f these  ad so rp tio n  waves* His trea tm en t is  based on th e  
assum ption th a t  eq u ilib rium  fo r  the adsorp tion  process i s  reached 
a t  th e  e lec trode*  and no inform ation on th e  k in e tic s  o f the  ad­
so rp tio n  process can be gathered by th e  polarographio method, 
Voltaam etry a t  constan t c u rre n t is  somewhat more powerful in  th is  
re sp e c t because the  e u rre n t d ensity  can be varied  over a wide range 
w hile t h i s  not p o ss ib le  in  polarogr&phy* The k in e tic s  of the  ad­
so rp tio n  process -  o r ra th e r  the  desorp tion  process -  can thus bo 
s tu d ied  in  a f a i r l y  q u a n tita tiv e  fashion*
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SIMPLIFIED DERIVATION OF THE TRANSITION TB8S 
FOR THE ADSORPTION STEP
Potenti&l-tifflO curve* Tor th e  substances stu d ied  by Brdioka a lso  
e x h ib i t  two stops* Tho t r a n s i t io n  time fo r  the f i r s t  s te p  is  debar* 
mined by th e  adso rp tion  process of tho reduced species* w hile  th e  
t r a n s i t io n  t in e  fo r  the second s te p  is  determined by  d if fu s io n  of 
the  red u e ib le  species* As th e  c u rre n t d en sity  increases the  second 
s te p  becomes p ro g ressiv e ly  sh o rte r  in  comparison w ith  th e  f i r s t  s tep  
and f in a l ly  d isappears e n tire ly *  Tracings o f  a c tu a l  curves are shown 
in  F igure 14 fo r  the  reduc tion  of methylene blue* in  a u n iv ersa l 
b u ffe r  o f pH 6 (ace ta te -p h o sp h a te -b o ra te  b u ffe r  (6 ))*  These curves 
were recorded by th e  o sc illo g rap h ic  method described  in  Chapter XI*
I t  i s  p o ss ib le  to  r e la te  th e  c h a ra c te r is t ic s  o f th e  f i r s t  
t r a n s i t io n  tim e to  th e  k in e tic s  o f the  adso rp tion  process provided 
th e  fo llow ing  assum ptions are  aadet
(1) fhe e le c tro d e  rea c tio n  proceeds in  th e  follow ing manner
0 -/ no ^(desorbed ) $
a
(2 ) The deso rp tio n  process i s  f i r s t  order w ith re sp ec t to  the  
adsorbed species f
(3 ) The second wave does not appear u n t i l  the surface of th e  
e le c tro d e  con ta ins the  maximum possib le  number o f adsorbed
molecules* This maximum number i s  constant fo r  the  ad­
sorbed form of any p a r t ic u la r  substance*
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F igure  14. P o te n tia l- t im e  curves fo r the  re d u c tio n  
of m ethylene b lue  in  a u n iv e rsa l b u f fe r ,  pH s 6 . 
Time sc a le  is  in  m illise c o n d s .
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Under th ese  cond itions th e  r a te  o f p roduction  o f the  species 
adsorbed a t  th e  e lec tro d e  any be w r it te n  in  the  fo llow ing form
—  - 4 /  <%*. -* -k .
M  '  - T 7 ^  ^
where ^  is  th e  r a te  constan t fo r  th e  d e so rp tio n  p rocess* C& th e
su rface  conoen tra tion  ©f th e  adsorbed species and v^ th e  r a te  o f 
adsorption* I t  w i l l  be assumed in  the  fo llow ing trea tm en t th a t  va 
can be n eg le c ted • This sim plify ing  m od ifica tion  i s  introduced fo r  
two reaso n s t 1# The bulk  co n cen tra tio n  o f reduced spec ies i s  v i r ­
tu a l ly  equal t o  se ro  befo re  e le c tro ly s is *  and th e  major f ra c t io n  of 
reduced sp ec ies  produced during e le c t ro ly s is  i s  re ta in e d  on the  
su rface  o f the  e le c tro d e t 8* The complete trea tm en t in  which the 
adso rp tion  t e r n  i s  taken  in to  account leads to  d i f f e r e n t i a l  equations 
whose so lu tio n  appears very d i f f ic u l t*  Because th e  adso rp tion  te rn  
in  equation  (5*1) Is  neglected* one should remember th a t  th e  follow ing 
trea tm en t i s  only approximate*
The so lu tio n  o f  equation  (5-1} i s
w h e re  the in te g ra tio n  c o n stan t has been ca lcu la ted  from the  i n i t i a l
ecm ditiont C~ s  0 fo r  t  a  0* At the  t r a n s i t io n  time the  e lec tro d e  
®a
Is covered by th e  maximum number o f adsorbed molecules* Hence one has
(6 (6-3)
ns m & x s r a m
In  a  process p u r e l y  c o n tro lle d  by d if fu s io n  th e  produet t  2" 4  i s
Independent o f e u rre n t d e n s ity  as can bo asce rta in ed  from aquation  (1-4)*
This i s  n o t th e  ease when th e re  i s  p re fe re n tia l  adsorp tion  as i s  shown
in  Figure lb* The p o in ts  rep resen t experim ental values o f  i ^  ^  fo r
th e  reduction  o f methylene blue* The curve rep re sen ts  the  th e o re tic a l
v a r ia t io n  as p red ic ted  from equation  (5-3) on the  b a s is  of the follow ing
d a ta t  ■ 0*68 see* * (Cfi } max* •  5 x 10* iaoles/om * The agreement
a
i s  good i f  one takas in to  the  account the approximate natu re  o f th e
th e o re t ic a l  an a ly sis*
Equation (5-3) p re d ic ts  th a t  a p lo t  o f the re c ip ro c a l o f (1 * exp («4eT))
a g a in s t our re n t d e n s ity  should y ie ld  a  s t r a ig h t  line*  Such a diagram
is  shown in  Figure 16 fo r  th e  reduction  o f methylene blue in  u n iv e rsa l
b u ffe r  of pH 6 and fo r  the reduc tion  of th ion ine  in  a u n iv e rsa l b u ffe r
o f  pH 4*6* The tem perature was c o n tro lle d  a t  30 -  0*B°C* This diagram
•1y ie ld s  the  fo llow ing  values o f the  ra te  constan t k^i 0*01 sec* (thlonlm e)
—1and 0*68 see* (methylene blue)*
In conelusion* voltammetry a t  c o n stan t e u rre n t may supply some 
inform ation on the  k in e tic s  of d e so rp tio n  processes* Admittedly* th is  
trea tm en t i s  approximate* b u t any method fo r  k in e tic  s tu d ies  o f adsorp­
t io n  p rocesses should be u se fu l because of th e  experim ental d i f f i c u l t i e s  
involved in  “the in v e s tig a tio n  of these  r e la t iv e ly  rap id  reactions*
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C U R R E N T  D ENSITY ( I0~3 amp.  c m - 2 )
Figure 15* P lo t of i 0^"^ v ersu s  c u r re n t  d e n s ity  f o r  the  
a d so rp tio n  s te p  in  th e  red u c tio n  o f m ethylene blue*
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C U R R E N T  D E N S IT Y  ( I0~3 amp.  c m “ 2 )
Figure 16# P lo t o f f - J ^ b f ~ A Z ) J  fo r  th e  ad so rp tio n  s tep  in  the  re d u c tio n  s te p  o f g
4 mM methylene b lue ( l in e  1 ) , 2#4 mM m ethylene b lue ( l in e  2 ) ,  1 niM th io n in e  ( l in e  3)#
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mI t  i s  observed in  vo ltam aetiy  a t  co n stan t c u rre n t th a t  th e  t r a n s i*  
t lo n  t i m  f o r  th e  reduc tion  o f substance 0 becomes longer under oendi* 
t lo n s  o f  e le c t r o ly s i s  in  which th e re  is  reg en era tio n  o f substance 0*
The t r a n s i t i o n  tim e f o r  c a ta ly t ic  processes w il l  bo derived  below fo r  
1*0 oaso in  which se m i- in f in ite  l in e a r  d if fu s io n  is  th e  so le  mode of 
mass tra n s fe r*
THE BOUHDAKY VAS M  PROBLEM
D iffe re n tia l  equations f o r  the  concen tra tions C0 (x#t )  and CR( x , t )
Because re a c tio n  (6-2) occurs in  so lu tion*  k in e t ic  term s 
in troduced in  Ficlc'g second law of d if fu s io n , and the  concen tra tions 
Cg(x#t )  and CR(x#t )  o f substances 0 and E obey the  fo llow ing equations t
< X . ( t A ) .  n 4  J  e ( t , l )  - -L e U D G M )
0 J * *  f  * * (a-s)
M / , u  n
i«  which th e  Cf* a re  canes& trat 1 on* mod the k*s the form al r a te  eon* 
S ten ts  f o r  re a c tio n  (6*2) •
The d e riv a tio n  of the  fu n c tio n s 0 ^ ( x , t ) and C g(x ,t) I s  g rea tly  
f a c i l i t a t e d  i f  one makes the fo llow ing s im p lifica tio n s*
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(1 ) The concen tra tion  O g(x .t) w i l l  bo assumed constan t and equal 
to  th e  bulk  con cen tra tio n  6$ of th i s  substance* This hypo* 
th e * la  i*  e n t i r e ly  j u s t i f i e d  I f  CjJ i s  awash la rg e r  than  the  
bu lk  concen tra tion  of substance Oj a  more q u a n tita tiv e  s ta te *  
moot o f t h i s  cond ition  i s  expressed below.
(2) I t  w i l l  be assumed th a t  th e  e f f e c t  o f the backward re a c tio n  
can be neglected*
(3) F in a lly . i t  w i l l  be assumed th a t  the  d if fu s io n  c o e f f ic ie n ts  
Dq and D_ are  equal* The common value of Dp and w i l l  be 
rep resen ted  by D*
Equations (6*5) and (6*4) can now be w r i t te n  in  the follow ing fo m t
J C M d L  .  4  .
j i  J t 1- f  z  & i 8-®)
JGg.CX,&) p  __ ■ £ . £ £ & ■ )  (0«6)
J- t
The i n i t i a l  and boundary cond itions are as fo llow st
0 0 (* ,o )  - & '  °  ( 6»7)
cjp o  f x /■£)7  
c / /  J / z  o
(6-8)
'JG o (x<+)
where C° is  the  bu lk  con cen tra tio n  of substance 0. and A is  de fined
by equation  (6*0). C ondition (6*8) expresses th a t  the sum of the
flu x es  of substances 0 and R a re  equal (note th a t  the B#s can ce l) , 
and con d itio n  (6*9) s ta te s  th a t the c u rre n t d en sity  i s  c o n s tan t. 
F in a lly . C0 ( x , t )  and CR( x , t )  are bounded fo r  large  values of x .  Thus.
C0( x , t ) - ^ C °  and CR( x . t ) - ^ 0  fo r  X ->c& .
Variation®  o f  concen tra tions Gq(x $%) and 0 »{*»*)
She boundary value problem s ta te d  by aquation® (©-S) t o  (6-9) w il l  
bo solved by applying the Laplace tran sfo rm atio n . In o rder to  apply th is  
method i t  i s  u se fu l to  in troduce the fo llow ing fu n c tio n t
= e ° - e 0 ( X i t ) (d*10)
Equation (6 -6 ) i s  reduced to  the  follow ing ordinary d i f f e r e n t ia l  
equation
<0A t t , S )  -  0 (8-11)
th e  so lu tio n  of which is
where s is  th e  param eter introduced by th e  Laplace tran sfo rm ation , and 
X i s  an in te g ra tio n  constan t which is  determined below.
S im ila rly  th e  transform  o f (6*5) is
( 6- 15)
—  ^X
which has th e  so lu tio n
f/ &) \jZ(x )^-- y * ^Hris1 o / v  (6’w)
in  which N is  an in te g ra tio n  constant*
The va lues of M e a t  H are obtained by s a tis fy in g  th© transform a of 
th e  boundary cond itions expressed in  aquations (6*8) and (6*9). In th i s  
manner i t  is  found th a t  N equals aero and th a t  th© value of m i s
M ' -
(6-15)
ly  in troducing  th e  above va lues o f  U and II In to  equations (6*12) 
u d  (6-14) one obt*ir.a th e  t r a s s f o r a .  u ( * . t )  aad CR( z , t ) .  A fte r r e -
tu rn in g  to  th e  fu n c tio n  C^(x#t )  and in troducing  the  cond ition  x e 0* 
one o b ta in s  th e  concen tra tions o f substances 0 and 1 a t  th e  e le c tro d e  
s u r fa c e . Thust
th e  n o ta tio n  "erf** in  equation  (6*16) rep re sen ts  the  e r ro r  function  
having th e  q u a n tity  between b rack e ts  as argument*
T ran s itio n  time and de term ination  o f kf
The t r a n s i t io n  tim e ZT w i l l  be defined  by th® condition
(6*16)
(6-17)
TRAIiS XTIOK 7IUIS
O
CQ(0 , ^e ) 3 0* or In view of equation  (6*16) by the  follow ing r e la t io n  
Ships
(6*18)
I > 
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E quation  (6*18) may be m odified by considering  the ease in  which 
th e re  i s  no c a ta ly t ic  process •  Thus* when k^O* i s  equal to  aero , th# 
t r a n s i t io n  tim e i s  <Td * sad equation  (8-18) tak e s  the  fo m
 „ /£ o % 7 f D ^
/ ,  ^ ” (8-19)^  J tC 0 V '
a s  can be re a d ily  a sce rta in ed  by expansion o f  th e  e r ro r  func tion  fo r  
s n a i l  arguments and by  in troducing  the  value k|>c| * 0 in to  th e  r e ­
s u l t in g  formula* This i s  p re c ise ly  the value o f which was derived  
by Sand (27) f o r  a purely  d if fu s io n  co n tro lle d  process* The combination 
of equations (6-18) and (6-19) y ie lds*  a f te r  a  simple tran sfo rm a tio n , 
the  fo llow ing  re la tio n s h ip
^ / z T j  )  *  = J  v / l T  (''r )
with
Equation (6-20) can be applied  to  the determ ination  of the ra te
c o n stan t k . ,  once th e  t r a n s i t io n  tim es and ZT have been measured* f  o d
Thus* i f  ( £ ~ /£ "d )^  i s  known* th e  value o f Y  can be read from a tab le
/  //
g iv ing  values of the fu n c tio n  7T >^ ^ - ()r)  * and the corresponding
ra te  c o n stan t kg. is  immediately ca lcu la ted  from equation (6-21)* Values 
o f the fu n c tio n  A r / n ^ j ^ (? )  a re  l i s te d  in  Appendix 1 fo r  values of 
th e  argument between zero and 2.3* The values of the  e r ro r  fu n c tio n  
aeaded in  p rep a ra tio n  of the  ta b le  were taken from Piero# (26)
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(f iv e  d ec im als), and th© re s u l ts  were ca lcu la te d  to  on® more decim al 
th an  Ind ica ted  in  the  ta b le  in  order to  a sc e r ta in  the  l a s t  figure*
When Y  approaches ze ro , the value of t h i s  func tion  approaches u n ity  as 
can be shown by expanding th e  e r ro r  func tion  fo r  sn a il  arguments* Th® 
v a r ia t io n  o f t h i s  fu n c tio n  w ith  ^  are  a lso  shown in  Figure 17#
P ro p e rtie s  o f th e  t r a n s i t io n  time Z~Q
Since th e  sm a lles t value of the fu n c tio n  Z f j  IT  f  Y) i s  u n ity ,
i t  r e s u lt*  from equation  (6*20) th a t  the  t r a n s i t io n  tim e is  always
o
la rg e r  than  th e  value which would be obtained i f  th e re  were no 
c a ta ly t ic  e ffe c t#  the r a t io  ( ^ d/ 3 g ) ^  is  n o t independent o f th e  
c u rre n t d e n s ity  j indeed, th e  argument IT o f th e  e r ro r  fu n c tio n  in  (6*18) 
must deerease  when the  c u rre n t d en sity  is  increased , and consequently 
th e  fu n c tio n  Jl f  J n  I and the  r a t io  ( decrease# Hence the
tra n sitio n  tin *  ZT .pp roache. r  w h »  th e  cu rren t ^ i t y  1 . « d *  
s u f f ic ie n t ly  large* Conversely, the  r a t io  increases as the
e u rre n t  d e n s ity  decreases* th e  l im it  o f the r a t io  ( tends
toward in f in i ty  as the  e u rre n t d e n s ity  approaches sera#
The foregoing co n sid era tio n s  can be conveniently  summarized by 
p lo t t in g  the  value of th e  product ( CJ  a g a in s t th e  c u rren t
d e n s ity  i ft.  Such a diagram is  shown in  Figure 18* The almost v e r t i c a l  
f l s p u s t i  o f th e  curves correspond to  t r a n s i t io n  times fo r  whxeh the 
fu n c tio n  e r f  (^ ) i s  v i r tu a l ly  equal to  un ity  I under which co nd ition  the 
t r a n s i t io n  tim e v a rie s  rap id ly  fo r  sm all changes in e u rre n t d e n s ity .
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Figure 18. P lo ts  of th e  r a t io  ( Z 'c. / q )  * a g a in s t c u rre n t d e n s ity  fo r
c a t a ly t i c  red u c tio n  a t co n s ta n t c u r re n t .  Values of th e  product (k^C^)
are in d ic a ted  on the  cu rv e s . is  taken  as  u n ity  in  each c a se .d
V a lid ity  of th e  As gumption Embodied in  the  R ela tionsh ip  G ^(x ,t) * o f
I t  wag assumed in  th e  foregoing d e riv a tio n  th a t  the con cen tra tio n  
o f subst&nae z in  the v ic in i ty  of the e lec tro d e  is  oongtgnt and equal 
to  the  co n cen tra tio n  of t h i s  substance in  the  bulk  o f the  so lu tion*  The 
co n d itio n s under which t h i s  assumption i s  v a lid  can now be s ta te d  quan­
t a  tiv e ly *
I f  substance £ were reduc ib le  a t  the  e lectrode*  the  corresponding 
t r a n s i t io n  t in e  a t  c u rre n t d e n s ity  ±Q would be (see equation  (6-19))*
Since substance Z i s  consumed in  th e  v ic in i ty  o f the  e lec tro d e  
in  the  c a ta ly t ic  process* concen tra tion  p o la r is a tio n  fo r  th is  sub- 
stance  is  avoided i f  th e  f io t i t io u s  t r a n s i t io n  time ( I s  nuoh
la rg e r  than  th e  t r a n s i t io n  t in s  there fo re*  th e  follow ing condi­
t io n  should be f u l f i l l e d  (see equations (6-20) and (6-22)) *
The co n d itio n  (6-24) can be regarded as f u l f i l l e d  when the l e f t  
member is* fo r  example* 100 t in e s  la rg e r  than the  r ig h t  member* As
(6*22)
or in  view of equation  (6-19 ) j
m•m all a m u ltip le  as 10 should cause no se rio u s  e rro r*  I t  i s  im portant 
to  r e a l i s e  t h a t  -the fu n c tio n  £ ) f / TT^U^-Cf) i s  mueh la rg e r  than u n ity  
f o r  s u f f ic ie n t ly  la rg e  arguments* and consequently co n d itio n  (6-24) 
might eery  m oll n o t be s a t i s f ie d  even when C | i s  say 100 times C°*
I t  is  th e re fo re  u se fu l to  v e r i fy  th i s  co n d itio n  in  each experim ental 
d e te rm in a tio n  o f  k^* t h i s  cond ition  can be conveniently  w r i t te n  by 
combining equa tions (6-20) and (6*24)* thus*
^  *" (6.86)
APPLICATION TO THE CATALYTIC SEDUCTION OF 
TXYAHIUM(IV) Ilf THE PRESENCE OF 0H3RQKYLAMIJ©
The preceding trea tm en t was applied to  the c a ta ly t ic  reduction  
o f T 1(I?) in  th e  presence o f hydroxylamine. T itanium (lIX ) produced by 
e le e t r o ly s is  is  oxid ised  to  the  4 s ta te  by hydroxylamine . The 
mechanism o f t h i s  re a c tio n  has been ex ten siv e ly  stud ied  by Davis* Evans 
and Higginsen (10) who showed th a t  the re a c tio n  i s  o f the f i r s t  o rder 
w ith  re sp e c t to  titan ium * The ra te  determ ining s tep  is
7 r f n x )  + m  K ( i z )  +
ra d ic a ls  can be removed from so lu tio n  by the ad d itio n  of oxa lic  
acid* The k in e tic s  o f th is  rea c tio n  was a lso  stud ied  po larog raph i- 
c a lly  by Blasek and Koryta (3) who applied  the trea tm en t o f c a ta ly t ic  
l im itin g  cu rren ts  re c e n tly  developed by Koutecky (24)*
P o te n tia l- t in »  curve* w r e  recorded w ith  a cathode-ray o a o il lo -
graph aa ind ica ted  in  Chapter II#  T ran s itio n  tim es war® determined
Tor vario u s oonoentrationa o f f i( IV )  in  0#2 H oxa lic  a c id , and fo r
the  sane oonoentrationa o f  tita n iu m  and oxali© acid  in  the  presence
o f  vary ing  amounts o f hydroxy lam ine (0*49 and 1*46 M). The concen-
t r a t io n  o f  hydroxy la a in e  in  eaeh ease was determ ined by t i t r a t i o n
w ith  p o ta ss iu a  permanganate a f te r  th e  ad d itio n  o f an excess o f f e r r i c
iro n  (28)# I t  was n o t necessary  t o  determ ine th e  ex ac t con cen tra tio n
of t i t a n iu a ( iv )  s inee  the  t r a n s i t io n  time Z" and were determined
fo r  so lu tio n s  having th e  same concen tra tion  in  titan ium *
The experim ental r e s u l ts  are  summarised in  t h i s  p lo t  o f the r a t io
( / z r j t  * g » in st ourr*n t d en sity  (F igura 19). ®u» s o lid  ourvss s r s
e a
*1 / #1th ese  c a lc u la te d  fo r  k f  s  SO see* (m oles/1) # and fo r  th e  concen­
t r a t io n s  of hydroxy lamina indicated* The p o in ts  were experim entally  
determined* The agreement between theory and © xperizaent i s  f a i r ;  the  
■ •in  source of e r r o r  in  th i s  case i s  the r e la t iv e ly  poor d e f in i t io n
of the  t r a n s i t io n  tims# because of the d is to r t io n  o f the p o te n t ia l
—1 —1tim e-curves, The value of 30 see* (m oles/1) i s  somewhat lower 
than  the value of 42 sec • ""^(moles/I) obtained p o la ro g rap h ica lly  by 
Blasek and Koryta (3) fo r  26°. However# th is  experim ental study  shows 
th a t  the foregoing th e o re tic a l  an a ly sis  i s  e s s e n t ia l ly  correct*  
A pplica tions o f th is  method to  th e  study of th e  k in e tic s  o f 
c e r ta in  re a c tio n s  which are  too  rap id  to  be stud ied  by ©onventional 
method should be o f in te re s t*
T*
--------------------- 1_______________I_______________ I_______________ I_______________ I___________
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C U R R E N T  D E N S IT Y  ( I0"3 amp. c m : 2 )
Figure 19* P lo ts  of th e  r a t io  ( £c / ^ a g a i n s t  c u r re n t  d e n s ity  fo r  th e  c a ta ly t ic
red u c tio n  o f tita n iu m (lV ) in  th e  presence o f hydroxy lamine s Curve 1 , no hydroxy lam ine, 
Curve 2 ,  1 .46 M hydroxy lam ine, Curve 3 , 0 .49  M hydroxy lam ine.
c m m m  v i i
IKFLDfiHCB OF IONIC ITOM0TIOI AND TEMf&MTUFJS OH 
SHE KINETICS OF ELECTRODE PROCESSES
The p resen t chap ter d ea ls  w ith  th e  in fluence of ion ic  s tre n g th  
and tem perature in  e lec trochem ical k in e tic s  • th ese  a re  r a th e r  d i f f e r e n t  
top ics*  and consequently  th e  d isc u ss io n  and p re se n ta tio n  o f  r e s u l ts  w i l l  
he d ir id e d  in  two parts*
IOHIC INTERACTION IN THE ELECTROLYTIC REDUCTION
OF IODATE
In tro d u c tio n
Tory l i t t l e  i s  known about the  in fluence  o f lonio  in te ra c tio n  on 
the k in e t ic s  of e le c tro d e  processes* C erta in  e f f e c ts  can be p red ic te d  
from p re sen t knowledge* For example th e  mean a c t iv i ty  of Ions v a r ie s  
w ith  th e  ion ic  streng th*  and th i s  might r e s u l t  in  v a r ia t io n  o f the  ra te  
of e le c tro n  t r a n s f e r  I f  th e  Debye-Huekel trea tm en t i s  s t i l l  v a lid  fo r  
p rocesses occurring  a t  th e  in te rfa c e  e le e tro d e -so lu tio n *  Another e f f e c t  
i s  the  form ation o f complex ions which changes the  equ ilib rium  p o te n tia l  
and causes a concom itant v a r ia tio n  in  the  ra te  of the e lec tro d e  process* 
The study of th e se  e ffe c ts*  which have been in v estig a ted  (11)* adds 
very  l i t t l e  to  th e  knowledge of e lectrochem ical k in e tic s*  More puss lin g  
is  the  observation  th a t  anions markedly influence the ra te  of e lec tro d e
07
processes* This e f f e c t  of anions h a t been s tu d ied  in  g re e t d e ta i l  by* 
P io n te l l i  end ooworkers (26) fo r  th e  anodic ox idation  of various metal* • 
However* sev e ra l d i f f i c u l t i e s  ere  encountered in  sueh stud io*! (1 ) 
R esu lts on k in e tic  processes occurring  a t  s o lid  e le c tro d es  a re  never 
h igh ly  rep roducib le  because o f v a r ia tio n s  in  the na tu re  o f the surface 
o f  th e  m etal (film * change in  s t ru c tu re ,  © tc .) j  (2 ) The in te rp re t  a* 
ticaa i t  clouded by th e  form ation of complex ions* Because of these 
u n c e r ta in tie s  no d e f in i te  conclusion could be reached by P io n te l l i  
and eoworkere* She e f f e c t  of Ionic in te ra c tio n  was a lso  s tu d ied  by 
Hiving and coworkers (15) by polarography. These author* summarised 
th e i r  r e s u l ts  in  a diagram showing th e  v a r ia tio n s  o f half-wave p o te n t ia l  
w ith  io n ic  s tre n g th  f o r  the  red u c tio n  o f  ^ -brom o-n-butyric acid*
This study does no t go beyond the  simple observation  th a t  the  h a lf  "wave 
p o te n t ia l  depends on the  ion ie  s tre n g th  of the e le c tro ly te *
G reat ca re  should be taken  in  the  s e le c tio n  of a su ita b le  e lec tro d e  
p rocess to  avoid th e  sim ultaneous v a r ia tio n s  of se v e ra l param eters* The 
follow ing cond itions must be f u l f i l le d *
(1) The involved substance should no t form s ta b le  complex ions 
w ith  th e  anion p resen t in  so lu tion*
(2) The k in e tic  c h a ra c te r is t ic s  of the  e lec tro d e  process should 
no t be a ffe c te d  by a change in  hydrogen a c tiv ity *  since a 
v a r ia tio n  in  ion ic  s tre n g th  obviously causes a  change in  th e  
a c t iv i ty  of hydrogen ion*
(3) The use of a so lid  e lec tro d e  should be avoided because o f
the  r e la t iv e ly  poor re p ro d u c ib ility  o f k in e tic  data*
(4) The e lec tro d e  process should p refe rab ly  be to ta l ly  ir r e v e r ­
s ib le  a t  th e  c u rren t d e n s itie s  being u t i l i s e d !  the influence
of th e  backward re a c tio n  can then  be neg lec ted , and th e  in te r ­
p re ta tio n  o f experim ental d a ta  is  somewhat sim p lified*  F u rth e r­
more* the  k in e t ic s  o f the re a c tio n  should be e s s e n t ia l ly  
determined by a sing le  ra te  determ ining step*
{$) The e le c tro d e  process should p re fe rab ly  oocur in  tho rungs o f 
p o te n tia l  in  whioh the n a tu re  o f the  union in  th e  e le c tro ly te  
v i r tu a l ly  does no t in fluence the  s tru c tu re  of the double layer* 
the  advantages gained by the  fu lf i l lm e n t  o f th is  cond ition  
appeared in  the  course of th is  s tudy , as w i l l  be pointed out 
below*
The prev ious requirem ents a re  f u l f i l l e d  in  th e  case o f th e  reduc tion  
o f  ioda te  in  a lk a lin e  s o lu tio n  (pH 12 to  14) m  a mercury cathode* The 
k in e tio #  o f  t h i s  e le c tro d e  process can be stud ied  by voltanm etry  a t  
c o n stan t our re n t  or by polarography* The method o f in te rp re ta t io n  in  
ve ltam astry  a t  co n stan t c u rre n t i s  d iscussed  in  Chapter 1* th e  k in e tic  
param eters can a lso  be determ ined by polaregraphy on the  b a s is  of a  
trea tm en t developed by Belahsy ( lb )  and recen tly  improved by Xouteo&y (2$)« 
I t  i s  in  o rder to  t e s t  th e  trea tm en t of the  l a t t e r  author th a t  the 
pelarographio  method was app lied  in  th is  investiga tion*  A comparison 
between th e  trea tm en ts  o f Delahay and Kouteeky w i l l  be found in  
Appendix IX*
The k in e tic s  o f  the iodate red u c tio n  w i l l  be ch arac te rized  by th e
two q u a n ti t ie s  k ^ h and ^ nft which are  re la te d  to  the  r a te  c o n stan t
. o f th e  e le e tro d e  process by th e  equation  
f #h
' '  e r  y  (Twl)
where th e  p o te n tia l  % i s  re fe r re d  to  the p o te n tia l  o f the  normal 
hydrogen e lec trode*  The q u a n ti t ie s  kf  and k ^ h a re  form al r a te  
constan ts which include the  mean a c t iv i ty  c o e f f ic ie n t  of iodate  ion*
The q u a n tity  in  equation  (7~1) is  the t r a n s fe r  c o e ff ic ie n t  fo r  the  
e le c tro d e  p ro cess , and a ft is  the number of e le c tro n s  involved in  the
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a c tiv a tio n  step* the  value o f i t  presumably one* The method fo r  the  
de te rm ina tion  o f s n d ^  from polarographio d a ta  la  o u tlin ed  in  
Appendix IX,
D esc rip tio n  and d iscu ssio n  of re a u lta
The com position o f th e  e le c tro ly se d  so lu tio n  was as follow s t 0*6
all potassium  io d a te , 0*05 H sodium hydroxide, 0*002# g e la tin  and varying
• s w a t*  o f e le c tro ly te *  The tem perature was kept a t  2 0 0 * 1 ° *
P o te n tia ls  were measured a g a in st a sa tu ra ted  calomel e lec trode*
An example o f the  log kf  ^  versus p o te n t ia l  diagram obtained f o r
varying  co n cen tra tio n  o f sodium su lfa te  is  given in  Figure 20* Sets
th a t  th e  ad d itio n  o f  sodium s u lfa te  causes a  marked Increase  in  the ra te
co n stan t k .  . a t  a given p o te n tia l*  Furtherm ore, th e  slope o f the  log r #n
*f.h ™r,u* B line unch“ ®ed* 1-e -  tha * * * « *  «*
equation  (7*1) rem ains unchanged* The same observation  was made fo r
a l l  the  e le c tro ly te s  s tud ied  here* th e  average value o f ^ n ft i s  0*77
w ith  a  maximum d e v ia tio n  o f -  0*02* Data obtained w ith  va rious
e le c t ro ly te s  a re  summarized in  the  diagram of Figure 21 which shews the
ov a r ia t io n  of th e  r a te  co n stan t w ith  the  Ionic s tre n g th  o f the 
medium* The choice of Ionic s tre n g th  as v a ria b le  Is  somewhat a rb i ­
t r a r y ,  end th e  con cen tra tio n  o f c a tio n  or anion could as w ell be 
adopted as v a riab le*  I t  is  apparent from Figure 21 th a t  the  ad d itio n  
of e le c tro ly te  causes a marked increase  -  by one or two order o f
magnitude -  in  the  r a te  constan t k j  fe* The e f f e c t  is  in  the  opposite
©d ire c tio n  from th e  v a r ia tio n  o f  the formal ra te  constant ^  one 
would have expected in  the concen tra tion  o f e le c tro ly te  stud ied  here 
on the  b a s is  o f  the  usual ion ic  in te ra c tio n  e f f e c t  tre a te d  in  the
3- 4  i________________________ i________________________ i__
- 0.8 - 0.9 - 1.0
P O T E N T I A L  (V. v s . N . H . E . )
Figure 20* P lo ts  o f log k v e r s u s  p o te n t ia l  f o r  th e  red u c tio n  o f iodate  in  0*05 M sodium 
hydroxide in  th e  p resence of vary ing  amounts o f " in d i f f e r e n t"  e le c tro ly te s *  Curve 1 , no sodium 
s u lfa te *  Curve 2 , 0 .1  M sodium s u l f a te ;  Curve 3# 0 .75  sodium s u l f a te ;  Curve 4 , 1*5 M sodium s u l f a t e .
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Figure 21. P lo ts  of log  k2 h a g a in st th e  logarithm  o f the io n ic  
strength  for  the red u ction  Jf iod ate  in  0.05 M sodium hydroxide.
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Debye*Huek»l th eo ry , Any in te rp re ta t io n  based on l iq u id - l iq u id
ju n c tio n  p o te n tia l  m a t  a lso  he ru led  out because tb s  . o rder o f  magni*
tude o f th e  change in  k£ * Thus* a  ten fo ld  increase  in  k* u wouldxr*m x *jx
correspond to  a v a r ia t io n  o f 0,078 v o l t  in  the  ju n c tio n  p o ten tia l}
th is  appears improbable•
The va lues of the  ra te  co n stan t p lo tte d  in  Figure 21 are not
t r u ly  re p re se n ta tiv e  because they are computed in  th e  normal hydrogen
e le c tro d e  sca le  o f p o te n tia ls*  A ctually  the value o f should be
f  *h
computed fo r  th e  value o f  E a t  which th e  d iffe ren c e  o f p o te n t ia l  a t  
th e  in te rfa c e  i s  equal to  z e ro , Any change of th i s  p o te n tia l  re su ltin g  
from v a r ia t io n  in  the  com position of the so lu tio n  would th u s he 
cancelled*  U nfortunately  t h i s  value o f E i s  no t r ig o ro u sly  known* 
although i t  can be taken as being equal to  th e  maximum o f the  e le c tro *  
c a p i l la ry  curve* The charge o f the  e le c tro d e  i s  undoubtedly equal to  
sero  a t  th a t  p o ten tia l*  bu t th e re  is  a d iffe ren ce  o f p o te n t ia l  re*  
s u i t in g  from o r ie n ta t io n  o f molecules Of so lven t (w ater) (1 9 ) . The 
s h i f t  in  p o te n tia l  re s u l t in g  from d ipo le  o r ie n ta t io n  i s  no t known 
although i t  is  probably o f th e  o rder o f magnitude of a few hundredths 
of a  vo lt*  Because o f t h i s  u n c e rta in ty  i t  i s  u se fu l to  c a lc u la te  
kf*h 0X1 't'*16 has i s  of an  a rb i t r a ry  se re  of the sca le  o f p o ten tia l*  i ,e ,*  
in  the  normal hydrogen e le c tro d e  scale*  However* the r e s u l ts  must be 
co rrec ted  to  l e a l  them selves to  fu r th e r  in te rp re ta tio n *  In doing so 
we s h a l l  id e n tify  the  p o te n t ia l  corresponding to  th e  maximum of the 
e le c tro c a p il la ry  curve (E.C*M,) w ith  th e  value of E fo r  which the  
d iffe ren c e  of p o te n tia l  a t  the in te rfac e  i s  equal to  aero* R esu lts  
obtained  In  t h i s  fash ion  are  approximate* P o te n tia ls  a t  the  E*0*M«
nH a te d  in  Table H i  were determined by the mercury drop method (2)* 
The va lues o f a t  the  l.C*M* p o te n t ia l  a re  p lo tte d  ag a in s t the  
co n cen tra tio n  o f c a tio n  in  f ig u re  22* The choice of th is  v a ria b le  
w i l l  be apparent from th e  follow ing d iscussion*
TABLE I I I
POTENTIAL CORRESPOND ISO SO fM  ELECTROCAPILLAinr MAXIMUM (V* vS% 8«0JU )
C oncentration (m o le s /l i te r )
0»1 0*5 0*76 1*0 JUS
B 0*450 0*4 5 0 0*480
101 0 * 520  0*525 0 *6 5 0  0*560
KBr 0 * 5 2 0 0*828 0*5 4 0
XX 0 .7 7 0 0*780 0*780
■•a80* 0*420 0*425 0 * 4 4 0
0*486  (x) 0*526  (x)
8*010, 0 .4 7 5 0*600 0*550
y < c * > 8 0*500
The p o te n t ia l  corresponding to  th e  e le c tro o a p il la ry  maximum fo r  
0*05 II sodium hydroxide was 0*500  V* vs* S*C.E.
V alues marked (x) were taken from Grahams (2 l)«
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F igure 22* P lo ts  of lo g  ^  v ersu s th<e lo g arith m  of th e  c a t io n  c o n c e n tra tio n  f o r  th e  red u c tio n  
o f iodate  in  0*05 M sodium hydroxide in  the  presence of v ario u s  amounts o f in d if f e r e n t  e le c t r o ly te s  
V alues o f k were c a lc u la te d  a t  th e  p o te n t ia l  correspond ing  to  th e  e le c t r o c a p i l la r y  maximum* 
P o in ts  fo r  potassium  iodide are  d isp la c e d  downward by th re e  u n its*
'■Ooi
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I t  I* seen from Figure 22 th a t  w ith  th e  exception  o f iodide the  
n a tu re  of th e  onion i s  of secondary importance in  determ ining the  
v a r ia t io n s  o f th e  r e te  eo as ta n t a t  th e  E*C*M# p o ten tia l*  t h i s  obser* 
e a t  ion can be explained as follow s* Iodate ion under the experim ental 
cond itions p re v a ilin g  in  th i s  study is  reduced a t  r a th e r  negative  
p o te n t ia ls  <* around I  v o l t  versus the normal hydrogen e lectrode*
Amiens a re  rep e lle d  from the e lec tro d e  a t  such negative p o ten tia ls*  
as i s  in d ica ted  by the id e n tic a l  shape the e lee tro eap iil& ry  curve 
e x h ib its  fo r  these  various lens ( I t )#  Hence* values of k ^ h are  
approxim ately the  seme w hether a un ivalen t ion such as f lu o rid e  of 
a  h igh ly  charged ion such a s  fo r rosy amide is  p resent#  the case of 
iodide i s  an excep tion  because t h i s  ion i s  s tro n g ly  adsorbed on 
mercury even a t  p o te n t ia ls  as negative as those a t  which iodate  le a  
i s  reduced (see  va lues o f th e  E#C#M* p o te n t ia l  fo r  iodide in  fab le  I I I )*
Another conclusion  which can be drawn from Figure 30 is  th a t  th e  
r a te  e o n s tan t ^  a t  the  B*C*tf* p o te n tia l  is  approxim ately p ro p o rtio n a l 
to  th e  con cen tra tio n  o f c a tio n  in  the range of co n cen tra tio n  which has 
been explored* This can be explained i f  one assumes th a t  ca tio n s  are  
in te rm ed ia te  In the  t r a n s fe r  of e lec trons*  Thus, the p ro b a b ility  of 
e le c tro n  tra n s fe r*  f o r  given cond itions o f e le c tro ly s is*  increases 
w ith th e  number of ca tions*  This argument holds i f  one assumes th a t  
c a tio n s  are  n o t adsorbed on the  mercury e lec tro d e  to  any appreciable  
ex ten t*  because i f  th is  were not so the  number of ca tio n s a t  the  
in te r fa c e  would no t be a l in e a r  function  o f the bulk co n cen tra tio n  
of cation*  However# th e re  i s  conclusive evidence th a t  w ith  ca tions o f 
a lk a li#  which are v i r tu a l ly  not adsorbed on mercury* the e le c tro *  
c a p il la ry  curve fo r  a given anion i s  n o t affoo ted  when the  natu re  o f 
th e  c a tio n  i s  changed (19)*
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C ations a re  g en e ra lly  separated  from tit* e lec tro d e  su rface  by 
m olecules o f water# and consequently th e  d is t r ib u t io n  o f p o te n tia l  is  
n o t markedly a ffec ted  by th e  presence of o a t ions* As a r e s u l t  the 
t r a n s fe r  c o e f f ic ie n t  i s  independent o f the  concen tra tion  o f c a tio n  
in  th e  ease o f th e  red u c tio n  of iodate* t h i s  is  p re c ise ly  what is  
observed since  th e  product f o r  a l l  th e  da ta  o f Figure 22 was
0*77 ±  0*03«
In  conolusicm* i t  i s  p o ssib le  to  give a r a t io n a l  in te rp re ta t io n  
o f  th e  e f f e c t  o f "foreign** s a l t s  on th e  k in e tic s  o f e lec tro d e  processes* 
The p resen t study b rin g s to  l ig h t  fundamental observations* (X) E lse* 
t r o a  t r a n s f e r  processes in  e lectrochem ical k in e tic s  can precede through 
" in d if fe re n t*  ions (c a tio n  in  th e  case of io d a te ) ; (2) The change in  
th e  r a te  o f e le o tro n  t r a n s fe r  is  e s s e n t ia l ly  p ro p o rtio n a l to  the 
con cen tra tio n  o f th ese  in d if fe re n t  ions* I t  w> uld be of in te r e s t  to  
compare the  e f f e c t  w ith  s im ila r  observations fo r  e le c tro n  t r a n s f e r  in  
homogeneous systems as fo r  example in  iso to p ic  exchanges*
INFLUENCE OF TEMPERATURE ON THE KINETICS OF 
ELECTRODE PROCESSES
In troductory  remarks
o
According to  Bokris (4 ) ,  th e  ra te  constan t kf#h of equation  (7*1) 
can be w r i t te n  in  th e  form
78
where k i s  the  Boltsmsnn c o n stan t; h this Planck c o n s tan t; T the  abso* 
lu te  tem pera tu re ; p  the th ick n ess o f the  re a c tio n  layer* A fy  the  
f re e  energy o f a c tiv a tio n  of the  e lec tro d e  process# fhe p o te n tia l  
\  i s  th e  p o te n t ia l  o f th e  e lec tro d e  * re fe rre d  to  th e  normal hydrogen 
e le c tro d e  •  and fo r  which th e  d iffe ren c e  o f p o te n t ia l  a t  the  In te rface  
i s  equal to  sera# I t  was seen in  the  previous se c tio n  th a t  ©0 is  
approxim ately equal to  th e  p o te n tia l  a t  the  maximum of the e le c t r o -  
c a p i l la ry  curve#
Equation (7 -2 ) can a lso  be w ritte n  as
'  * * *  a  £  7~ (7-3)
or
* J -
where defined  by th e  re la tio n sh ip
^  s  A / / *  -  (7*6)
I t  i s  seen from equation  (7*4) th a t  the value o f  th e  q u an tity  ^ c a n  
be determ ined approxim ately from a p lo t  o f In  k f ^  a g a in s t the  re c ip ­
ro ca l of ab so lu te  tem perature# I t  must be no ted , however, th a t  the 
e v a lu a tio n  of the  fundamental thermodynamic q u a n tit ie s  and 
is  com plicated by u n ce rta in ty  in  the values o f the  p o te n tia l  and 
the  th ick n ess  o f th e  re a c tio n  layer# Furtherm ore, as is  shown below, 
the  q u an tity  m*P depend on tem perature, and consequently the
sig n if ic an c e  o f i s  somewhat questionable#
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D escrip tio n  wad d isc u ss io n  of r e s u l ts
Example* of diagrama showing the v a r ia tio n  o f the logarithm  of 
I t  -  ( t / r  )^ /w ith  p o te n t ia l  a t  d i f f e r e n t  tem peratures are shown in  
F igures 23 and 24• Note th a t  s t r a ig h t  l in e s  are  obtained in  such 
p lo t* , a* i« to  be expected from equation  (1 -1 4 ). The a n a ly s is  o f 
th e  diagram* of Figure* 23 and 24 and o f s im ila r  diagrams fo r  n loke l( I I )  
and iodate  y ie ld ed  th e  d a ta  suxnaarised in  Figures 28 and 33*
I t  i s  seen  from Figure 23 th a t  the product <=■< ma v a r ie s  slowly 
w ith  tem perature f o r  Curve* 1,8 and 4 w hile th e re  Is  a r a th e r  rap id  
deerease  in  fo r  Curve 2* P ossib le  exp lanations fo r  the v a r ia tio n s  
o f  a re  as fo llow s %
(1 ) 111 the  processes stud ied  here except the  red u c tio n  o f 
ehrom ium (III) involve the t r a n s fe r  of se v e ra l e lec trons*  th e  
processes were analysed on the  assum ption th a t  the  k in e tic s  
o f  the  o v e r-a l l  re a c tio n  involves only one r a te  determ ining 
step* Although th i s  assumption i s  q u ite  o ften  v a l id ,  i t  i s  
not n e c e ssa r ily  c o rrec t*  For example, consider the  reduc tion
o f N i(II)*  In t h i s  process i t  is  probable th a t  the  electrochem ­
ic a l  re a c tio n  a c tu a lly  involves two s tep s  which can be char* 
aeterifted  a t  a given p o te n t ia l  by two r a te  constan ts Sc« and 
At low tem peratures one may assume th a t  k |  i s  muon 
sm alle r than  kg* the  k in e tic s  o f th e  e le c tro d e  process is  
th en  e n t i r e ly  co n tro lled  by the  f i r s t  step* As th e  tempera­
tu re  in c re a se s , the  ra te  constan t k^ increases more rap id ly  
th an  the  ra te  c o n stan t and consequently th e  k in e tic s  o f 
both  s te p s  must be considered* As a r e s u l t ,  the  p o te n tia l*  
time curve i s  d is to r te d  and th e re  i s  apparent v a r ia tio n  of 
th e  t r a n s fe r  c o e f f ic ie n t  *
(2) I t  i s  probable th a t  in  some eases the  v a r ia tio n  o f  the  
product ~<na i s  due to  a  v a r ia t io n  in  the t r a n s fe r  c o e f f i ­
c ie n t  -K* A ctua lly , th e re  is  no fundamental reason fo r  
assuming th a t  the t r a n s fe r  c o e ff ic ie n t is  tem perature inde­
pendent* This is  probably the  ease fo r  the reduction  of 
iodate ion and oxygen*
(5) F in a lly , th e  form ation of complex ions and the subsequent 
v a r ia t io n  in  th e  com position of the so lu tio n  possib ly  
in fluences the  value o f  ~rn* fo r  substanoes such as 
ohromlum(III)*
nI t  i s  apparent from the  foregoing observation  th a t  the  e f f e c t  of 
tem perature on e le c tro d e  processes may be q u ite  complex. In ad d itio n
A f*t o  v a r ia t io n  o f ra te  co n stan t a r is in g  from v a r ia tio n s  o f  A<1 w ith  
tem pera tu re , th e re  a re  com plications due to  sev e ra l fac to rs*  (1) ?aria<* 
t io n  o f the  t r a n s f e r  c o e ff ic ie n t*  (2) V aria tio n  o f the p o te n tia l  a t  
which the  d iffe re n c e  of p o te n t ia l  a t  th e  in te r  face i s  equal to  se re  j 
( I )  the  ooourrenoe o f stepw ise p rooessesi (4) Change in  th e  composition 
o f the  s o lu t io n . As a r e s u l t ,  h ea ts  o f a c tiv a tio n  fo r  e le c tro d e  
processes a re  a t  b e s t  o f only q u a l i ta t iv e  value*
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Figure 23# P lo ts  of log  £ ~ f- fe /z r )  versus p o te n t ia l  fo r  the  i r r e v e r s ib le
red u ction  of chrom ium (lll) in  X M potassium  n itr a te  a t variou s tem peratures.
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F igure 24. P lo ts  of log P ~  ]  ve rsu s  p o te n t ia l  f o r  th e  i r r e v e r s ib le
red u c tio n  of oxygen in a c e ta te  b u f fe r  a t v a rio u s  tem peratu res*
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F igure  25. P lo ts  of versus tem perature fo r  v a rio u s
i r r e v e r s ib le  p ro c e sse s ; Curve l f iodate  in  1 M sodium 
hydrox ide ; Curve 2 , n i c k e l ( l l )  in  1 M potassium  c h lo r id e ; 
Curve 3 , ch rom ium (lll) in  1 M potassium  n i t r a t e ;  Curve 4 , 
oxygen in  a c e ta te  b u ffe r#
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Figure 26* P lo ts  of log k£ ^ versus r e c ip ro c a l  tem perature 
fo r  v a rio u s  i r r e v e r s ib le  p rS cessess Curve 1, iodate  in  1 M 
sodium hydroxide; Curve 2 , n i c k e l ( l l )  in  1 M potassium  
c h lo r id e ;  Curve 3 , chrom ium (III) in  1 M potassium  n i t r a t e ;  
Curve 4 , oxygen in  a c e ta te  b u f f e r .
v i i i
CDICI*USI0N
I t  I s  p o ss ib le  to  develop s a t i s  fac to ry  trea tm en ts fo r  a  v a r ie ty  of 
e le c tro d e  p rocesses which a re  encountered In voltammstry a t  constan t 
current*  The m athem atical a n a ly s is  of th e  processes d iscussed  in  t h i s  
d is s e r ta t io n  as w e ll as p rocesses considered by e th e r  au tho rs lends 
i t s e l f  to  experim ental v e r if ic a tio n *  The necessary  experim ental 
methods were developed in  th e  course o f the  work*
The emphasis in  t h i s  in v e s tig a tio n  was placed on e lectrochem ical 
k in e t ic s ,  b u t i t  should be noted th a t  v o l ta m e try  a t  constan t c u rre n t 
has g re a t p o te n t i a l i t i e s  as an a n a ly tic a l  to o l .  P ra c tic a l  a p p lica tio n  
of th e  method in  a n a ly tic a l  chem istry can now be made, s ince  th e  char** 
a c to r 1 s t ic  fe a tu re s  o f processes g en era lly  encountered are  w ell under** 
stood a t  p re s e n t,
Voltsmmetry a t  co n stan t c u rre n t may a lso  be u t i l iz e d  as a  to o l  in  
e lec trochem ical k in e t ic s ,  and two a p p lic a tio n s  -  namely th e  study o f 
th e  in fluence o f ion ic  in te ra o tio n  and tem perature * have been made in  
th i s  work*
F in a lly ,  voltsmmetry a t  constan t c u rre n t may serve as an a u x ilia ry  
to o l  in  chemical k in e tic s*  This type of ap p lica tio n  Is  o f r a th e r  
lim ite d  scope, b u t n ev erth e less  the constan t c u rren t method may be 
u se fu l in  th e  study of rea c tio n s  which are too  rap id  to  be followed by 
more conventional methods*
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AFFBHBXE I  
VALUES OF THE FUNDI10* A  f /  T T ^ - ^ FOK VALDES OF Y~
0*00 0*01 0*02 0.08 0*04 0*05 0.06 0*07 0*08 0*09
0.00 1*000 1.000 1*000 1*000 1*001 1*001 1*001 1*002 1*002 1.005
0*10 1*008 1.004 1*005 1*008 1.007 1*008 1*009 1*020 1*0U 1*012
0*20 1.015 1*015 1*016 1*018 1*019 1*021 1*023 1*024 1.026 1*028
0.30 1.050 1*032 1*034 1*036 1*039 1*041 1*043 1*046 1.048 1.051
0.40 1.054 1.056 1*059 1*062 1*065 1.068 1*071 1*074 1*077 1*031
0.50 1.084 1.087 1*091 1*094 1*096 1.102 1*105 1*109 1*213 1.117
0 .50 1.121 1.125 1*129 1*134 1.138 1*142 1.147 1*152 2*156 1.161
0.70 1.165 1*170 1.175 1.180 1*165 1*190 1.195 1*200 1.206 2*211
0.80 1.216 1*222 1*227 1*233 1*239 1*245 1,250 1*256 1*262 1*266
0.90 1.274 1*281 1*287 1.293 1*299 1*306 1*322 1.319 2*326 1*332
1-00 1.359 1.346 1*553 1*360 1*367 1*374 1*332 1.388 1*3m 1*405
1.10 1.410 1.418 1*425 1*433 1*440 1*448 1.456 2*404 1.472 2.479
1.20 1*487 1.496 1.504 1*512 1*520 1*528 1*537 1*545 2*553 1*662
1.30 1.571 1.579 1.588 1*597 1.605 1.814 2*623 1*632 1*642 1.650
1.40 1.659 1*668 1*877 1*666 1.696 1.706 2*714 2*724 1*733 1.742
1*50 1.752 1.761 1*771 1.781 1*790 1*800 1.820 1.820 2*850 1.639
1*80 1*849 1.559 1*869 1.678 1*889 1*899 1*909 1.929 1.929 1*940
1.70 1.950 1*960 1.970 1.981 1*991 2.001 2*012 2*022 2*033 2.043
1.80 2.053 2*064 2*075 2.085 2.096 2.106 2*127 2*127 2.138 2*149
1.90 2*159 2*170 2.161 2*192 2*202 2*213 2*22 4 2.235 2*246 2*257
2.00 2*267 2.278 2*289 2.300 2*311 2*322 2*353 2.544 2*355 2*366
2*10 2.377 2 *588 2*399 2.410 2.421 2*432 2*443 2.454 2*465 2*476
2.20 2.487 2.438 2*509 2.520 2*531 2*543 2*554 2*565 2.576 2*587
2.30 2.598 2*609 2*521 2.632 2*643 2*854 2.665 2.676 2*688 2.699
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ASALYSIS Of ISHSVSRSISLE FOUKOO^FHIO WAVES
G eneral o o n tid e ra tio n a
Several t r e  atias n ts  o f Irrev e ra  ib le  polarographic traces hare boos 
rep o rted  in  re c e n t years* I t  i t  the  purpose o f t h i t  appendix t o  
consider* b r ie f ly *  two of th e  more su ccessfu l trea tm en ts * the  t r e a t*  
n en t o f Delahay* which wet p re ten ted  in  1961* and the  trea tm en t o f 
Koutecky, which wet repo rted  l a  1966* 5he boundary value problem w i l l  
f l r e t  be e ta ted*
I t  i t  a ttuned  th a t  the  c u rre n t a t  any p o in t in  the  wave la  eon* 
t r o l l e d  by th e  ra te  of the  e lec tro d e  p ro c e tt and by the  ra te  o f d iffu *  
8ion  o f the  substance re a c tin g  a t  the e lectrode*  Furthermore* t h i t  
susnary w i l l  deal only w ith  the case in  which the  influence o f the 
re v e r ie  (anodic) p ro c e tt  i t  n eg lig ib le}  t h i t  i t  th e  ca te  when the 
overvoltage i t  g re a te r  than  about 0*1 v o lt*  She d iffu s io n  problem i s  
solved fo r  semi* in f  in i te  l in e a r  d if fu s io n  and subsequently modified 
fo r  a p p lic a tio n  to  the  dropping mercury e lectrode*
Under these  cond itions th e  number dlf of moles o f substance 
reduced in  tim e d t  i t  p ro p o rtio n a l to  the  concen tra tion  o f reducib le  
substance a t  the  su rface  o f the mercury drop* Thus* one h a t
per unit are*
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c o n d i t i o n ,  Delahay derived the concentration C(x,t), Th© current 1*
th a a  r» a d ily  darlvv* f r o a  th« •qu&tioa
c u n  C ^ J l d L l
When th e  d e r iv a tiv e
■ / '■lj , i s  deduced from th le  general
so lu tio n  C (x ,t)  th e  n o ta tio n s  l a  (9-4) e re  as follow s i a  i« th e  
a«nfcer o f  s le o tro n s  Involved la  th e  process* t  i s  th e  faraday and 
A  i s  th e  e re  a  o f the  e lec tro d e*  The equation  fo r  the  c u rre n t Is
Equation (9*5) which i s  rigo rous fo r  l in e a r  d if fu s io n  can a lso  he 
app lied  to  th e  dropping mercury e lectrode*  The re su lts*  however* are 
approximate* A fte r in troducing  the  value o f the e lec tro d e  a rea  A in  
ten se  o f th e  r a te  o f flew  o f neroury m and th e  time t  e lapsed  since 
th e  beginning o f th e  form ation  o f  the  drop* one ob tains
The average c u rre n t during th e  l i f e  of th e  drop was obtained by 
Delahay by g rap h ica l in te g ra tio n  o f equation (9-d)* The r e s u l ts  can 
be condensed in  a  diagram  which shows the  v a r ia tio n  o f the  average 
c u rre n t along the wave to  the  d iffu s io n  current*  The c a lc u la tio n  o f 
th e  r a te  co n stan t kg  ^  as a func tion  o f p o te n tia l  is  then  a simple
£  -  ' » w (9*6)
(9-6)
C o rrec tio n  fo r  tho  movement o f the e lec tro d e  through th e  so lu tio n  
Since th e  dropping mercury e lec tro d e  i s  n o t a s ta tio n a ry  e le c ­
t ro d e , some c o rre c tio n  must bo made fo r  the movement of th e  e lec tro d e  
through the  so lu tion*  Shis co rre c tio n  was f i r s t  in troduced by Ilkovio  
fo r  th e  oaso in  which th e re  i s  purely  d if fu s io n  con tro l*  th e  a n a ly s is  
o f Ilk o v ic  w i l l  be summarised here to  serve as an in tro d u c tio n  to  th e  
more involved ease in  which the  r a te  of e le c tro n  t r a n s fe r  must be taken 
in to  account*
The con cen tra tio n  o f substance In  so lu tio n  is  a function  o f the  
d is tan c e  x from th e  su rface  of the  e lec tro d e  and the tim e t« Cense* 
qusn tly  one may w rite
d ( ,  r  n
^  x  J  6
As th e  e le c tro d e  moves through the  so lu tio n , an elem ent in  th e  so lu tio n  
approaches th e  surface  a t  a v e lo c ity  v* Thus, dx m *vdt, and
J(? (jf/i) j = ^  _  - 0 r -  3JL
J i  J /u U . J 6
J X  <9-8)
vhare  i s  th e  v a r ia tio n  of con cen tra tio n  w ith  re sp e c t to‘ J  ifr /siU .
«OBe r e fe r e n c e  p o in t which follow s the  movement of th e  so lu tion*  The
d e riv a tiv e  , i s ,  according to  Pick*® low
( /  s u l .
l a  view o f (9*9), equ a tio n  (0*8) may be w r i t  ton in  the  form
J t* L i!U £ ) -  n  J ^ C J J jiL  /  i l i h i )  (8*io)
J -6  „ 2 />  <^ X
This la  th e  m odified P ic k 's  equation  fo r  d if fu s io n  toward a plane which 
moves a t  a  T e lo c ity  ▼ in  so lu tio n *  This equation can be app lied  approx­
im ately to  the  dropping mercury e lec tro d e  $ i#e*» to  the  case of an ex­
panding sphere* I t  su ff ic e s  to  c a lc u la te  the  v e lo c ity  v f which in  the  
ease o f the  dropping mercury e lec tro d e  is
A  X
3 -6  (9-11)
The com bination o f (0-10) and (0-11) y ie ld s
j e ( X , i l  _ £ ) ^ C ( X , i )  + £ J _  J C ( K ^ )
'  J X 3- 3 6  j y  (9*18)
The c u rre n t f o r  an I r re v e rs ib le  process i s  derived  by so lv ing  
equation  (9-12) fo r  th e  boundary and i n i t i a l  cond itions previously  
s ta te d *  This problem was solved by Eoutecky and a b r i e f  account o f 
h is  work is  given in  th e  follow ing section*
D eriv a tio n  of Koutocky (2b)
Xoutecky introduced the  follow ing dim ensionloss param eters
Equation {9-18) msy bo w r it te n  in  the  for®
j
J s 3-
— * AS ^ e ( s j v - )  £C (s,-% )
J S  7 ^  j p
(9*14)
The boundary and i n i t i a l  cond itions can be transform ed in  a 
s im ila r  fa sh io n , th e  so lu tio n  o f equation  (9-14) con be w r i t te n  in
th e  form o f  on in f in i t e  s e r ie s
C&
were determ ined by Kouteeky who summarized h ie  r e s u l ts  in  the  form o f 
Table V. This ta b le  g ives the  r a t io  o f  th e  instantaneous maximum c u rren t 
i  along th e  ware to  the instantaneous maximum d if fu s io n  c u rre n t 1 fo r  
d i f f e r e n t  v a lu es o f )£ . S ince the  r a t io  i / i ^  i s  e a s i ly  measured# the  
value  of can be determ ined provided th a t  th e  d if fu s io n  c o e f f ic ie n t  
0 i s  known* The l a t t e r  i s  computed by ap p lica tio n  o f the Ilkov ic  
equation*
Coagarison of th e  trea tm en ts .
R esu lts obtained by the  two methods or© compared in  Figure 86 fo r  
th e  reduc tion  o f 0 .6  ®SC iodate to  1 M sodium hydroxide and 0.008JIS 
g e la tin *  One no tes th a t  the two treatm ents y ie ld  q u ite  s im ila r  re s u i ts  $ 
consequently  the  influence of the ad d itio n a l term 
is  r e la t iv e ly  minor•
(9-15)
when the  q u a n ti t ie s  A {) */>; have t o  be determined* These c o e f f ic ie n ts
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Figure 27. P lo ts  of log k„ , v ersu s  p o te n t ia l  accord ing  to  D elahay ( l in e  l )  
and Koutecky ( l in e  2) fo r  tfte red u c tio n  o f io d a te  in  1 M sodium hydrox ide .
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